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Abstract
Theafiilvins (TFu) isolated from black tea were antimutagenic in the Ames assay 
when tested against six indirect-acting food mutagens. The mechanism for the 
antimutagenic effects observed was by inhibition of the cytochrome P450 
isoforms responsible for the bioactivation of the promutagens. TFu had no 
significant effect on the mutagenicity ehcited by two direct-acting mutagens. 
Interestingly, TFu caused a synergistic increase in the mutagenic response elicited 
by the mycotoxin aflatoxin Bi. A number of mechanisms appear responsible for 
this synergism which included a direct effect on the Salmonella typhimurium 
bacteria used in the assay and inhibition of the two principal detoxification 
pathways, namely epoxide hydrolase and glutathione ^'-transferase.
A similar synergistic effect was apparent between the model mutagen N- 
nitrosopyrrolidine and polymeric, oligomeric, dimeric or monomeric procyanidins 
in the Ames assay. The mechanism for the synergistic effects appears to involve a 
direct interaction between the Salmonella typhimurium bacteria and the 
polyphenols. Polymeric and oligomeric procyanidins had no effect on the 
mutagenicity of the direct-acting mutagen MNNG but inhibited the mutagenic 
response elicited by two indirect-acting mutagens, namely IQ and 
benzo[n]pyrene. These antimutagenic effects were only apparent at the highest 
concentrations of the polyphenols tested (200 pg/plate), levels unlikely to be 
achieved in human tissues after dietary consumption. In contrast, dimeric and 
monomeric polyphenols had no significant effect on the same direct- or indirect- 
acting mutagens in the Ames test.
The addition of milk to either black, decaffeinated black or green tea had no
>
significant effect on the antimutagenic activity of the tea brews against a number 
of indirect- or direct-acting mutagens in the Ames test
Finally, the pharmacokinetic evaluation of ^ H-(+)-catechin and ^H-(-)-epicatechin 
following oral intake of dietary doses showed that the bioavailability of both 
compounds was less than 5%. After iv administration, the flavonoids were 
removed from the blood very rapidly and predominantly eliminated via the faeces.
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1.1 INTRODUCTION
Historically, human beings have always been haunted by the prospect of certain 
diseases. In the Middle ages it was Black Death (plague) which people feared and 
cost many their hves, at least in Great Britain. The extent to which certain diseases 
have haunted the human imagination, in medieval times, is clearly depicted in the 
artwork, hterature and architecture of this period and serves as a constant reminder of 
man’s mortahty. Leprosy, plague and smallpox are just a few examples of much 
feared diseases over the centuries and commonly associated with the ‘grim reaper’ in 
writings and pictures (Currie & Currie, 1982).
More recently, in the last century, the dreaded diseases were diphtheria, scarlet fever 
and poHomyelitis, also known generally as the ‘child killers.’ Probably due to 
improvements in public health and immunisation programmes, these diseases are 
almost unheal’d of today. However, disease is still prevalent, and still teared, it is just 
that the onus has shifted from one disease to another. The general subconscious 
phobia associated with disease in the modem Western human being has been 
transferred to malignant illness or cancer (Kardinal & Yarbro, 1979).
1.2 CANCER
The reasons for the horror associated with cancer are easy to understand since it is 
generally regarded as a disease which is apparently becoming commoner, is poorly 
understood and therefore, difficult to treat, and is seemingly impossible to avoid 
(Ralter, 1978). Cancer is defined as the unrestrained, malignant proliferation of a 
somatic cell (Alberts et al., 1994). This will develop into a mass of rapidly growing
2
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abnormal tissue known as a tumour. Characteristics of malignant cells are; loss of 
specific function; loss of growth control (and therefore, uncontrolled prohferation); 
and invasion of healthy tissue (Timbrell, 1991). It has been reported that the majority 
of human cancers (75-80% in USA) result from the exposure to environmental 
carcinogens including radiation, viruses and both natural and man-made chemicals 
and are, therefore, considered as avoidable, at least in principle (Timbrell, 1991; 
BjàmeXet aL, 1986).
1.2.1 Carcinogenesis
The process leading to cancer is known as carcinogenesis and it is generally 
recognised that this process consists of three distinct steps (Figure 1.1):
1) Initiation -  normally involves a change in the genetic material of the cell. These 
changes are usually very rapid and irreversible.
2) Promotion —increasing rate of cell division or interference in cell-cell 
communication.
3) Progression — characterised by changes in the number and/or arrangement of 
chromosomes which results in neoplastic cells developing into a malignant 
tumour. This stage results in an increase in growth rate, the invasion of healthy 
tissue and the formation of métastasés.
Although the process of carcinogenesis has been conveniently divided into these three 
stages, the precise number of stages involved remains a matter for debate. Despite 
this, it is important to note that carcinogenesis is a multistage and complex process.
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Figure 1.1 The multiple steps involved in carcinogenesis
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1,2. LI Mechanism of chemical carcinogenesis
1.2.1.1.1 Interactions with DNA
It is generally accepted that most carcinogens are electrophiles and as such can react 
covalently with DNA or other cellular macromolecules (Currie & Currie, 1982). The 
electrophilic ultimate carcinogens can form covalent interactions with nucleopMlic 
atoms in the DNA molecule. The N  ^and of guanine and N  ^and N^ of adenine are 
the most reactive sites (Timbrell, 1991). The site of action and the specific nature of 
the covalent interaction with DNA seem important, possibly due to the ability of the 
cell to repair the modified nucleic acid, and varies depending on the type of 
carcinogen (Cooper & Grover, 1989). DNA alteration can also occur by intercalation 
of planar molecules within the double helix or by affecting the fidehty of DNA 
polymerase. If rephcation takes place before repair of the altered DNA, a frame shift 
or point mutation results (Cooper & Grover, 1989).
Alterations to DNA can be recognised by the cell and repaired. The repair must occur 
before cell division otherwise there may be mispairing of bases, rearrangements and 
translocations of sections of DNA.
1.2.1.1.2 Cellular oncogene activation and tumour suppressor gene inactivation
Oncogenes are found in the DNA of all cells and play an important role in growth 
regulation of the cell. Activation of oncogenes can occur by various different 
mechanisms and result in the production of proteins, e.g. growth factors, binding 
proteins, kinases and growth factor receptors, which are capable of causing the
Chapter 1____________  Introduction
neoplastic transformation of the cell (Alberts et al., 1994). An increase in cellular 
proliferation will lead to an increase in the frequency of mutations because DNA is 
more susceptible to damage by carcinogens during the process of transcription. Also, 
the increase in cell rephcation will lead to a decrease in the time available for the 
repair of modified DNA, thus resulting with the incorporation of a mutation (Miller & 
Miller, 1976).
Similar to the activation of oncogenes, the removal or alteration of tumour suppressor 
genes can play an important role in the neoplastic change of the cell. This may occur 
by mutation or by deletion and even loss of sections of the chromosome. It has been 
suggested that the inactivation of tumour suppressor genes could be an important 
factor in the genetic predisposition to certain cancers (Miller & MiUer, 1976).
1.2.1.1.3 Epigenetic mechanisms
Epigenetic carcinogens produce malignant tumour§ without first inducing a genotoxic 
effect (Timbrell, 1991). This type of carcinogen may act by any one of a variety of 
different mechanisms depending on the substance. Examples of mechanisms for 
epigenetic carcinogens include; impairment of DNA polymerase; alteration of 
chromosome composition; and exposure of a pre-existing genetic abnormality. 
Peroxisome prohferators are considered as epigenetic carcinogens (Timbrell, 1991).
L2A.2 Mutagen or carcinogen?
It is important to appreciate the difference between a mutagen and a carcinogen. A 
carcinogen is classically defined as any substance “which can increase an individual’s
6
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risk of developing a malignant neoplasm” (Woolf, 1986). A mutagen is any 
substance, which will cause an alteration in the genetic material of a cell. This 
modification may result in the synthesis of abnormal protein products and is often an 
early stage in carcinogenesis (Underwood, 1992). Many mutagens are carcinogens 
but this is not always the case. The same is true for carcinogens, most are mutagenic 
but not all (Timbrell, 1991). Despite the difference between mutagens and 
carcinogens the correlation between mutagenicity and carcinogenicity has been 
reported to be as high as 83% (Ames & McCann, 1981).
1.2.1.3 Detection of mutagens
Because many human cancers are caused by the exposure to chemicals, and these 
chemical carcinogens are usually mutagenic, it has become extremely desirable to 
identify the chemicals to which humans are likely to be exposed which are 
mutagenic. There are a number of ways which this can be done and include; bacterial 
tests; insect tests; and the use of mammalian cells in vitro and in vivo (Anderson, 
1993). One of the best known tests for the mutagenicity of chemicals is a bacterial 
test developed by Bruce Ames and therefore called the Ames test (Ames, 1979) (See 
section 2.2.2).
1.2.2 The role of diet in the prevention of cancer
It has been known for some time that a good diet is required in order to supply the 
human body with the necessary nutrients for growth, tissue repair, reproduction, 
muscular work and defence against disease and infection (Parke & loannides, 1994). 
Diets rich in fruits and vegetables are regarded as more healthy than those containing
t
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predominantly sugar, meat and fat and the consumption of foods of plant origin have 
been shown to protect against certain degenerative diseases such as cardiovascular 
disease and cancer (Weisburger, 1991; Hochman, 1989; Armstrong & Doll, 1975). 
Despite this, the extent to which diet contributes in the aetiology of cancer is 
essentially unknown (Doll & Peto, 1981).
Although it is widely recognised that genetic factors are important indices of risk, the 
large variations in the incidence of cancer seen in populations from different parts of 
the world suggest that environmental factors are as important. The most important 
environmental risk factor, apart from smoking and/or alcohol-linked cancers, which 
contribute to cancer incidence, is likely to be dietary rather than occupational 
(Weisburger & Rivenson, 1993; Doll & Peto, 1981). This is probably due to, at least 
in part, the protection of employees by strict health and safety regulations at the 
workplace and a better understanding of the aetiology of carcinogenesis.
A typical Western diet, with a high meat and fat content, is associated with an 
elevated risk of colon, pancreas, breast and prostate cancers (Armstrong & Doll, 
1975) whereas diets containing a high proportion of foods of plant origin, for 
example a typical vegetarian diet, have been shown to have protective effects against
these types of cancer (Greenwald, 1992). Therefore, it has been suggested that
/
modifications in dietary habits by decreasing the intake of meat and fat and increasing 
the intake of fruit and vegetables, might ultimately decrease cancer mortality by up to 
35% (Doll & Peto, 1981).
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1,2,2» 1 Protective components of the diet
The realization that diets containing high levels of fruit and vegetables protect against 
diseases of high morbidity such as cancer and cardiovascular disease, has led to 
worldwide efforts to identify the components present in such diets which are 
responsible for these beneficial effects. The obvious conclusion would be that these 
foods are rich sources of vitamins, especially vitamins associated with antioxidant 
properties such as vitamins A and C (Weisburger, 1999; Wattenberg 1985). However, 
components of the diet not normally associated with high antioxidant vitamin 
contents, have also displayed potentially protective properties against cardiovascular 
disease and cancer (Hirose et al., 1999; Weisburger, 1999; Leake, 1995; Vang et a l,
1991).
A number of different foods and beverages have been the subject of extensive 
investigation in order to identify the compounds responsible for the beneficial effects 
observed. Studies have been extended in an attempt to identify the mechanisms by 
which these compounds manifest their favourable effects (Breinholt et a l, 1995; 
Leake, 1995; Liu et a l, 1992;Vang et al, 1991).
1.2.2.1.1 Cruciferous vegetables
The ingestion of cruciferous vegetables has been shown to have a positive correlation 
with decreased gastrointestinal tract (GIT) cancer incidence (Verhoeven et a l, 1997; 
Graham, 1983; Hirayama, 1985). Cruciferous vegetables, particularly the Brassica 
species, include foods such as broccoli, Brussels sprouts and cauliflower. The 
compounds, which are believed to be responsible, are indoles such as indole-3-
9
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carbinol, and isothiocyanates such as phenethyl isothiocyanate and sulforaphane 
(Verhoeven et al., 1997; Grubbs et al., 1995; Jellinck et al., 1992; Morse et a l, 1989; 
Wattenberg, 1977).
1.2.2.1.2 Organosulphur compounds
Organosulphur compounds present in the diet are numerous and include 
diallylsulphide, allylsulphide, allylmercaptan and diallyl disulphide. The main dietary 
source of these compounds is garlic and it has been reported that they play an 
important role in the protection against carcinogenesis (Kim et al, 1993; Liu et al,
1992). It has also been reported that garlic powder given in the diet to rats reduced the 
number of DNA adducts caused by V-nitroso compounds (Lin et a l, 1994).
1.2.2.1.3 Chlorophyllins
Chlorophyll, a pigment that is present in aU green plants, is used by the plant during 
the process of photosynthesis and has been implicated as one of the components 
responsible for the anticarcinogenic activity attributed to vegetables (Breinholt et al 
1995; Breinholt et al, 1994; Guo et a l, 1995; Negishi et a l, 1994). More specifically 
it is a structural analogue of chlorophyll, called chlorophyllin, which is thought 
responsible for the antigenotoxic effects associated with these compounds. It has been 
reported that chlorophyllin forms complexes with planar carcinogens and, therefore, 
prevents their absorption from the gastrointestinal tract (Breinholt et al, 1994).
10
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L2,2,2 Mechanisms of action of dietary antimutagens/anticarcinogens
Many compounds present in the diet have been shown to act as 
antimutagens/anticarcinogens, to act at all stages of carcinogenesis and, therefore, 
contribute significantly to the final outcome of the disease (Weisburger, 1999; De 
Flora, 1998; Edenharder et ah, 1993; Vang et al., 1990; Wattenberg, 1983).
Compounds that display antimutagenic/anticarcinogenic activities may act using 
multiple mechanisms (De Flora, 1998). The spice tumeric contains a compound 
called curcumin which has been shown to he antimutagenic in a number of animal 
models in vivo (Singletary et al, 1996; Nagabhushan et al, 1987). The mechanisms 
for the antimutagenic activity of curcumin includes modulation of enzyme systems 
responsible for both the activation of the promutagens (cytochrome P450) (Eator et 
al, 1996; Oetari et a l, 1996) and detoxification of the reactive intermediates 
(glutathione 6-transferase) (Susan & Rao, 1992). However, induction of apoptosis 
(Chen et al., 1996) and a reduction in protein kinase C activity and cellular oncogene 
expression have also been reported as mechanisms (Kakar & Roy, 1994; Liu et al.,
1993). Hence, it is important to consider all mechanisms involved at all stages of 
carcinogenesis by dietary antimutagens in order to get a more precise understanding 
of their final influence on carcinogenesis.
It has been suggested that there are five main mechanisms by which dietary 
antimutagens/anticarcinogens protect the organism fi*om the onset of cancer (De 
Flora, 1998; Doll & Peto, 1981). These have been summarised in Table 1.1. It should 
be noted that there are many processes involved under these five mechanisms and
11
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only a small selection is mentioned. A more comprehensive list can be obtained from 
the hterature (De Flora, 1998).
MECHANISMS
COMPONENT(S) 
OF DIET 
RESPONSIBLE
1) EXTRACELLULAR MECHANISMS
Dietary fibres
Ascorbic acid, a-tocopherol 
Chlorophyllin, eUagic acid 
Vitamin D3
Removal from the organism 
Inhibition of nitrosation 
Complexation of mutagens/carcinogens 
Favouring the absorption of protective agents
2) INHIBITION OF MUTATION AND CANCER 
INITIATION BY CELLULAR MECHANISMS
Calcium, short-chain fatty 
acids
Cruciferous plants, 
retinoids, flavonoids 
Indoles, isothiocyanates, 
phenols
Polyphenols, p-carotene 
Retinoids, isothiocyanates 
Coumarin, vanillin.
Modification of membrane transport
Modulation of metabolism -  inhibition of phase I 
(cytochrome P450)
Induction of phase I detoxification and phase II 
conjugation pathways 
Antioxidant activity and ROS scavenging 
Inhibition of cell replication
Stimulation of repair and/or reversion of DNA damage
3) INHIBITION OF TUMOUR PROMOTION
p-carotene, polyphenols 
Retinoids, isothiocyanates 
Retinoids, flavonoids
Antioxidant activity and ROS scavenging 
Inhibition of cell prohferation 
Induction of apoptosis
4) INHIBITION OF TUMOUR PROGRESSION
See 1) and 2) 
Polyphenols, p-carotene 
Curcumin
Inhibition of genotoxic efiects 
Antioxidant activity and ROS scavenging 
Inhibition of proteases
5) INHIBITION OF INVASION AND 
METASTASIS
Retinoids, calcium 
Polyphenols, a-tocopherol 
Selenium, flavonoids
Induction of cell differentiation
Antioxidant activity
Signal transduction modulation
Table LI Mechanisms for dietary anticarcinogens
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1.3 POLYPHENOLS
1.3.1 History of phenolic compounds
1.3.1.1 Vegetable tannins
Polyphenols were originally known as ‘vegetable tannins’ and are still commonly 
referred to as such today. The name vegetable tannin originates from the fact that 
these compounds are derived from plants and that they were used in the leather 
industry (Haslam, 1989). The process involved in the conversion of animal hide, to 
leather traditionally took 3-6 months and utilised oak bark infusions as a source of 
tannins. However, a combination of increased demand for leather and leather 
products and the industrial revolution led to changes in the way leather was produced. 
There was also a growmg interest in the scientific aspects behind the processing, 
specifically the chemistry of tanning (Haslam, 1989).
Despite the chemical interest in the tanning process, the interest was predominantly 
that of the physical chemist rather than the organic chemist and, therefore, relatively 
little research was carried out on the elucidation of the chemical structures of 
vegetable tannins (Sykes, 1986). Even to the modem day, the composition of 
commercially available and important vegetable tannins cannot yet be defined in 
sufficient detail in molecular terms either qualitatively or quantitatively (Haslam,
1989). There are two main reasons for this. Firstly, this area of chemistry has 
generally been regarded as unattractive and unfashionable and hence largely 
neglected because no large industry, apart from the leather industry, had any interest
13
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in vegetable tannins. Secondly, the complexity and broad range of plant extracts, 
some natural but some only formed after an extremely varied range of decomposition 
processes, has hindered the elucidation of these chemicals on a molecular basis 
(Haslam, 1989).
More recently, over the last 50-60 years, the interest in vegetable tannins has been 
renewed. The emphasis of scientific interest in these compounds has been shifted 
from the physical chemist to scientists involved in the food and beverage industries, 
agriculture, nutrition, pharmacology and herbal medicine. This has been partly due to 
new physical techniques and methods of isolation and structure determination of 
water-soluble natural products.
1.3.1.2 Definitions and chemical terminology of polyphenols
j
Classically, vegetable tannins are defined as “water-soluble phenoHc compounds 
having molecular weights between 500 and 3000 Da and, besides giving the usual 
phenoHc reactions, they have special properties such as the ability to precipitate 
alkaloids, gelatin and other proteins” (Bate-Smith & Swain, 1962). Vegetable tannins 
are also known as phenols and polyphenols. A phenol is defined chemically by a 
single aromatic ring bearing one or more hydroxyl groups and usually with another 
substituent (e.g. esters, methyl esters, glycosides etc.). Polyphenols are compounds 
with more than one phenyl ring (Willson & CHfford, 1992) (Figure 1.2). For 
simplicity, the phenolic compounds present in food can be classified into three 
groups: -
14
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1) Phenols and phenolic acids
2) Hydroxycinnamic acid derivatives
3) Flavonoids
Simple phenols
OH
O-Qucose
O ^ C H j
Arbutin
O
O-Gucose
Sesamolin
Hydroxycinnamic acid
OH
OH
OH
HOI
OH OH
5-caffeoylquinic acid
Figure 1.2 Structures o f simple phenols and hydroxycinnamic acid conjugate
1.3.1.2.1 Simple phenols and phenoHc acids
It has been reported that relatively few simple phenols are present in foods and 
beverages and some compounds only occur in vivo as gut microfloral metaboHtes of 
more complex polyphenols (Clifford, 2000c; Kim et al., 1998). Sources include pears 
which contain arbutin (4—15 mg/kg), sesamolin from sesame seeds (0.3-0.5%) and 
vanillin from the seeds of the vanilla plant used as flavourings (19.4 g/kg) (Clifford, 
2000c). Structures of two simple phenols are shown in Figure 1.2.
15
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1.3.1.2.2 Hydroxycinnamic acid derivatives
Hydroxycinnamic acids and their derivatives are almost exclusively derived from 
feruhc, caffeic and p-coumaric acids (Clifford, 2000b). The best known 
hydroxyciimamic acid conjugate, as far as occurrence is concerned, is chlorogenic 
acid which is a substrate involved in the enzymic browning of fruits, particularly 
apples and pears (Eskin, 1990). Hydroxycinnamic acids occur more frequently as 
esters than glycosides and are present in coffee, spinach, herbs and wine (CHfford, 
2000b). The structure of a chlorogenic acid is shown in Figure 1.2.
1.3.1.2.3 Flavonoids
The most important single group of polyphenols present in food are the flavonoids, 
which can be further divided into a number of sub-groups depending on their 
chemical structure (Figure 1.3). Flavonoid sub=groups include: -
1) Flavanols. Compounds such as (+)-catechin, (-)-epicatechin, (-)-epicatechin 
gaUate, (-)-epigallocatechin gallate etc. which are present in green tea, wine (5- 
60 mg/litre), fruits (apple, 4 mg/100 g) and a variety of vegetables (Holhnan & 
Arts, 2000).
2) Flavonols. Present in onions, green tea, black tea, red wine, fruit and vegetables 
and include compounds such as quercetin, kaempferol and myricetin as 
glycosides (3-64 mg/day) (Holhnan & Katan, 1999).
16
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3) Flavanones. Include compounds such as naringin and hesperidin as glycosides and 
are found in citrus fruits and citrus fruit juices and fruit jams (up to 400 mg/100 g, 
2.6 g/100 g in grapefruit, citrus juices 0.5-1.0 mg/ml) (Holhnan & Arts, 2000).
4) Anthocyanidins. Sources include red wine (240-350 mg/litre), port (140-1100 
mg/litre), blackcurrants and red coloured fruits and their juices. Anthocyanidins are 
present as conjugates with a sugar moiety (hence glycosides), examples of which are 
cyanidin and delphinidin (Clifford, 2000a).
5) Isoflavones. e.g. genistein and daidzein like the anthocyanidins are present as 
glycosides and are foimd mainly in soya and soya products but also in some other 
vegetables.
6) Dihydrochalcones. These compounds are present in apples and include phloridzin 
which is present as glycosides at levels of 1-3 mg/100 g apple flesh, 0.4-14 mg/litre 
in cider (Tomas-Barberan & CHfford, 2000).
7) Stilbenes. Include resveratrol present in grapes and wine at levels of 0.3-7 mg/litre 
(Parr & Bolwell, 2000).
8) Condensed tannins. Present in wine (5-60 mg/Htre), apples (10 mg/100 g), beans, 
fruit and vegetables (Santos-Buelga & Scalbert, 2000).
9) Derived tannins. The main sources of these compounds are matured red wine and 
black tea. One weak cup of tea contains approximately 70 mg, whereas one strong 
cup contains approximately 250 mg.
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3) Flavanones. Include compounds such as naringin and hesperidin as glycosides 
and are found in citrus fruits and citrus fruit juices and fruit jams (up to 400 
mg/day, 2.6 g/100 g in grapefruit, citrus juices 0.5-1.0 mg/ml) (Hollman & Arts, 
2000).
4) Anthocyanidins. Sources include red wine (240-350 mg/litre), port (140-1100 
mg/litre), blackcurrants and red coloured fruits and their juices. Anthocyanidins 
are present as conjugates with a sugar moiety (hence glycosides), examples of 
which are cyanidin and delphinidin (Clifford, 2000a).
5) Isoflavones. e.g. genistein and daidzein like the anthocyanidins are present as 
glycosides and are found mainly in soya and soya products but also in some other 
vegetables^
6) Dihydrochalcones. These compounds are present in apples and include phloridzin 
which is present as glycosides at levels of 1-3 mg/100 g apple flesh, 0.4—14 
mg/litre in cider (Tomas-Barberan & CHfford, 2000).
7) Stilbenes. Include resveratrol present in grapes and wine at levels of 0.3-7 
mg/Htre (Parr & Bolwell, 2000).
8) Condensed tannins. Present in wine (5-60 mg/Htre), apples (10 mg/100 g), beans, 
fruit and vegetables (Santos-Buelga & Scalbert, 2000).
9) Derived tannins. The main sources of these compounds are matured red wine and 
black tea. One weak cup of tea contains approximately 70 mg, whereas one strong 
cup contains approximately 250 mg.
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Figure 1.3 Examples of chemical structures o f the major sub-groups of dietary 
polyphenols
1.3.2 Biological activities of dietary polyphenols
1.3.2.1 Effect ofphenolic compounds on food quality
1.3.2.1.1 Astringency
Polyphenolic compounds contribute significantly to the taste and flavour of foods and 
beverages. Food and drink with a high polyphenolic content are often described as 
‘astringent’. The word astringent comes fi’om the Latin ad (to) and stringere (bind) and 
hence, the word astringency is properly defined as a binding reaction. Astringent foods 
give a sensation of constriction, dryness and roughness in the mouth, which is
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thought to be due to the binding of proteins to polyphenols (Haslam, 1989). These 
effects cause the precipitation of proteins around the epithelium of the mouth creating 
a less even and firmer surface over which the tongue must move (Nierenstein, 1934).
The distinctive astringent taste of some foods of plant origin with high polyphenolic 
contents is thought to play a part in the natural defensive mechanisms of plants 
rendering these foods unacceptable as sources of nourishment for potential predators. 
However, it may also be possible that a high polyphenolic content diminishes the 
nutritional content of the plants due to the strong binding of dietary amino acids to 
polyphenols in the gastrointestinal tract thus rendering them unavailable. It has been 
shown that animals fed a diet with a high polyphenolic content generally have an 
elevated nitrogen content in the faeces hence, it is possible that these 
protein/polyphenolic complexes remain bound and are excreted in the faeces 
(Haslam, 1989). However, it has been reported that elevated nitrogen levels in the 
faeces of animals ingesting diets rich in polyphenols may be due to the enhanced 
excretion of endogenous nitrogen, particularly by a marked increase in the excretion 
of salivary proline-rich proteins (Shahkhalili et ah, 1989; Mehansho et a l, 1987).
1.3.2.1.2 Enzymic browning
The enzymic browning of polyphenolic compounds in foods is extremely important 
in fruit and vegetable processing due to the loss of nutrients and the production of 
undesirable colours and flavours (Lees et al, 1995). The principal enzyme involved 
in the enzymic browning of polyphenols is polyphenol oxidase (Opie et a l, 1993).
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However, the oxidative changes of polyphenols during processing are also regarded 
as essential for the development of characteristic colours and flavours in some foods. 
For example, the browning of polyphenols is a natural process in the fermentation of 
cocoa (Haslam, 1989) and the polyphenol oxidase-dependent oxidative 
polymerisation that occurs during the manufacture of black tea is an important step 
involved in the formation of theaflavins and thearubigins which give black tea its 
characteristic reddish-brown colour and distinctive flavour (Subramanian et al, 1999; 
Owuor & McDowell, 1994; Hazarika et a l, 1984).
1.3.2.1.3 Polyphenols as natural antioxidants
The oxidation of fats and oils in foods produces undesirable flavours, smells and 
leads to the development of other objectionable compounds. In an attempt to retard 
this process, antioxidant compounds are added to foods, fats and oils. By far the best- 
known and most widely used synthetic antioxidants added to food are BHT and BHA 
(Williams et a l, 1990; Powell et ah, 1986; Olsen et al, 1985). However, more 
recently the use of BHT and BHA has decreased due to their suspected action as 
promoters of carcinogenesis and a general public rejection of synthetic food additives 
(Williams et ah, 1990; Olsen et al, 1985). One of the most important groups of 
natural antioxidants is the tocopherols which have a potent ability to inhibit hpid 
peroxidation in vivo by trapping peroxyl radicals. However, tocopherols are not 
effective as food antioxidants and the search for new natural antioxidants has been 
extensive (Hollman & Katan, 1999; Harbowy & Balentine, 1997).
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Polyphenols by virtue of their chemical structure are antioxidants (Hollman & Katan, 
1999) and have displayed antioxidative properties both in vitro (Lu & Foo, 2000; Yen 
& Chen, 1998; Vinson et al, 1995; Yoshino et al, 1994) and in vivo in humans 
(Leenan et al, 2000; Serafîni et al, 1996). It has been suggested that the antioxidant 
activity of dietary polyphenols is responsible, at least in part, for the protection 
against cancer and cardiovascular disease by these compounds as reported in some 
epidemiological studies (Leake, 1995; Vinson et al, 1995; Ramel et al, 1986; Ames, 
1983).
1.3,2.2. Polyphenols as metal chelators
It has been recognised that the most common micronutrient deficiency in the world is 
the deficiency of iron (WHO, 1992). Severe iron deficiency can cause anaemia, 
which is associated with a variety of serious impairments to human health (Hurrell et 
al, 1999). Polyphenols from black tea, coffee, cocoa, red wine and vegetables have 
all been shown to complex with dietary iron in the intestinal lumen making it 
unavailable for absorption (Cook et a l, 1995; Gillooly et al, 1984). The level of 
inhibition of absorption seems to be dependent on the type of meal consumed and the 
polyphenolic content but has been reported to be between 50-94% (Hurrell et al, 
1999). The largest inhibition of iron absorption was evident in human subjects 
consuming a bread meal and drinking black tea.
Therefore, when giving dietary advice, especially to persons considered at risk from 
iron deficiency (young menstruating women, anaemia sufferers etc.), the metal 
binding abilities of polyphenols should be remembered. Many herbal remedies and
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‘health’ foods may have high polyphenolic contents and this combined with a low 
dietary iron intake (for example with some vegetarian diets) may lead to a chronic 
iron deficiency in some people.
Another important consideration is that some assays measuring the antioxidant 
properties of compounds use the reduction of metals (iron and copper) as an endpoint 
(Miller et al, 1996). Hence, when evaluating the antioxidant capabilities of 
polyphenols there may be interactions with metals used in the assay. This should be 
remembered when comparing results from studies using different methodologies 
(Miller er a/., 1996).
1.3.2.3 Antimutagenic and anticarcinogenic properties of polyphenols
There have been numerous studies demonstrating the antimutagenic and 
anticarcinogenic potential of polyphenols (Ahmad et a l, 1998; Yang et a l, 1997; Bu- 
Abbas et a l, 1994; Pingzhang et al., 1994; Wang et a l, 1994; Wang et a l, 1992). For 
example, resveratrol, a polyphenolic antioxidant found in grapes, red wine and berries 
inhibited the development of DMBA-indueed preneoplastic lesions in miee (Jang et 
al, 1997) and green tea, a rieh source of polyphenols has been shown to act as an 
anticarcinogen in a variety of animal models (Table 1.2). An extensive number of 
studies have demonstrated the antimutagenic activity of a number of individual 
polyphenols present in green tea using bacterial test systems (Table 1.3).
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. Species Organ/
tissue
Carcinogen
treatment
Reference
Mouse Fore-stomach Nitrosamine Wang a/., 1992
Mouse Skin UVB Wang et a/., 1994
Rat Colon N-Methyl-N-nitro sourea • Narisawa & Fukaura, 1993
Mouse Lung Nitrosamine Wang era/., 1992
Hamster Pancreas N-Nitrosobis-(2-
oxypropyl)amine
Hiuraera/., 1997
Mouse Colon 1,2-Dimethyl hydrazine Pingzhang era/., 1994
Rat Oesophagus N-N itrosobenzy lamine Wang era/., 1993
Mouse Skin UVA + UYB Record & Dreosti, 1998
Table L2 Studies demonstrating the antitumorigenic effects o f green tea in animals
Despite the overwhelming evidence supporting the antimutagenic and
anticarcinogenic activity of dietary polyphenols from in vitro and animal studies, the» )
International Agency for Research on Cancer (lARC) has concluded that data from 
epidemiological studies regarding tea consumption and its effects on various types of 
human cancer were inconclusive (lARC. 1991).
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Tea polyphenol/fraction Mutagens Reference
EGCG, EGC TRP-2, N-OH-TRP-P-2 
B[a]P diol oxide
Okudae^a/., 1984
Black and green tea 
extracts
PhIP Apostohdes et al, 1996
Black tea extract IQ, BMP, AFBi, 
TRP-P-1, GLU-P-1
Shiraki e/a/., 1994
Green tea extract IQ, BMP, 2AF, 9AA, 
2AA,DMBA, MNNG
Bu-Abbas et a l, 1994
Green, black and 
decaffeinated black tea
GLU-P-1, BMP, 9AA, 
nitrosopyroHdine
Bu-Abbas et a l, 1996
Black tea theaflavins and 
theafiavin fractions
Hydrogen peroxide Shiraki er a/., 1994
Table L3 Antimutagenic potential o f tea and tea polyphenols in the Ames assay
1.3.3 Tea
The tea plant, Camellia sinensis, has been cultivated by the Chinese for more than 
2000 years. They discovered that, if processed in a certain way, the hot water infusion 
of the leaves from the tea plant produced a very palatable drink (Willson & Clifford, 
1'992). Today, this type of tea is known as green tea and is still widely consumed, 
principally by the Chinese community, all over the world. Tea was first sold to the 
British public in a coffee shop in London in 1657. This was not green tea however, 
but black tea. Black tea was produced due to problems with the transportation of 
green tea. The tea leaves were harvested at a time when they had a very high moisture 
content so were prone to decomposition. Therefore, the leaves were put through a
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series of processing steps which included withering (partial removal of moistiure), 
disintegration (cutting and rolling), quahty development (exposure to air or 
fermentation), drying or firing (removal of moisture) and sorting (removal of fibre) 
(Willson & Clifford, 1992). These processing steps protected the tea from 
decomposition and yielded the product that people know in the Western World as 
black tea.
Today, approximately 2.5 million tons of dried tea are manufactured each year, 78% 
of which is black (consumed mainly in the West), 20% is green tea (mainly 
consumed by Asian races) and 2% is oolong tea (consumed in Southern China) 
(Pingzhang et al., 1994). The chemical composition of the resulting tea brew will 
vary depending on the chemical composition of the tea leaf. This can vary with 
climate, horticultural practices, season, age of the leaf and variety of the plant (Owuor 
& McDowell, 1994; Malec & Vigo, 1988; Hazarika et al, 1984).
1.3.3.1 Green tea
Green tea is a beverage made by the hot water infusion from the chopped leaves of 
the tea plant. Camellia sinensis (Willson & Clifford, 1992). Green tea originated in 
China and was thought to be first exported in the 12* century AD by a Zen priest 
from China to Japan as a medicine (Fujiki et a l, 1996). The study of green tea has 
been extensive, not as a medicine but as a beverage and has focussed on the tannin 
content of the brew. Green tea is reported to contain approximately 100-200 mg of 
tannins per cup, the predominant one being (-)-epigallocatechin gallate (EGCG) but 
also including (-)-epicatechin (EC), (-)-epicatechin gallate (ECG) and (-)-
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epigallocatêchin (EGC) (Kuroda & Hara, 1999; Harbowy & Balentine, 1997; Fujiki 
et a l, 1996). The major (poly)phenolic composition of both green and black tea is 
displayed in Table 1.4.
(Poly)phenolic
constituent
Green tea 
% (wt/wt)
Black tea 
% (wt/wt)
Catechins 30-42 3-10
Flavonols 5-10 6-8
Other flavonoids 2-A -
Theogallin 2-3 -
Gallic acid 0.5 —
Quinic acid 2.0 -
Theanine 4-6 -
Methylxanthines 7-9 8-11
Theaflavins - 3-6
Thearubigins - 12-18
Table L4 The Major (polyjphenolic constituents present in green and black tea 
(Taken from: Ahmad er a/., 1998).
1.3.3.1.1 Antimutagenic and anticarcinogenic activity of green tea and green tea 
polyphenols
As mentioned previously there are a vast number of studies reporting the 
anticarcinogenic properties of green tea in animals, examples of which are 
summarized in Table 1.2
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Studies investigating the mechanism(s) for the anticarcinogenicity and 
antimutagenicity of green tea have revealed a number of chemical and biological 
activities that may effect carcinogenesis. The main polyphenolic component of green 
tea, (-)-epigallocatechin gallate, has been the focus of many of these investigations 
(Ahmad & Mukhtar, 1999; Kuroda & Hara, 1999; Suganuma et al., 1999; Fujiki et 
al., 1998). However, other polyphenols present in green tea, including (-)- 
epicatechin, (-)-epicatechin gallate and (-)-epigallocatechin, have also been shown to 
have anticarcinogenic and antimutagenic properties (Jankun et ah, 1997; Hibasami et 
al, 1996; Kuroda, 1996; Matsumoto et a l, 1996; Fujiki et al, 1990). Mechanisms for 
the antimutagenic and anticarcinogenic properties of these green tea polyphenols are 
reported to include; induction of detoxifying enzymes (Matsumoto et al., 1996); 
blocking of reactive molecules (Kuroda, 1996); scavenging of reactive oxygen 
species (Matsumoto et al., 1996); inhibition of tumour promotion (Fujiki et al,
1990); and induction of apoptosis (Hibasami et al, 1996).
Hence it is clear that green tea and green tea polyphenols are capable of influencing 
all stages of chemical carcinogenesis. It is pertinent to point out that many of the 
suggested mechanisms for the antimutagenic and anticarcinogenic activity of green 
tea are suggestive or speculative and they require further clarification (Kuroda & 
Hara, 1999).
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L3.3.2 Black tea
As discussed previously (section 1.3.3) black tea is produced from the processing of 
fresh tea leaf and involves various different processing steps. As expected, this 
processing changes the chemical composition of the resulting tea brew. In black tea, 
flavonoids are oxidised by polyphenol oxidase to produce theaflavins and 
thearubigins, the orange and red pigments in tea. As a result, black tea contains much 
lower levels of flavanols compared with green tea (Wang et al., 1994). The major 
fraction of the thearubigins from black tea are the theafulvins (Powell, 1995; Bailey 
et al., 1992) and, depending on the method and duration of brewing, are present at 
levels of 0.3-3.0 mg/ml. These compounds remain largely uncharacterised but have 
been shown to be free from polyphenols of known structure such as flavanols, 
flavonol glycosides, flavanol gallates and theaflavins and also free from caffeine and 
nitrogen (Powell, 1995; Powell et al., 1995). More recently however, theacitrins have 
been shown to be minor components of black tea brews (Davis et al., 1997). After 
partial resolution by size exclusion HPLC it has been reported that theafulvins have 
apparent masses of between 909-2300 Da (Clifford & Powell, 1996; Clifford e/ al., 
1996).
1.3.3.2.1 Antimutagenic and anticarcinogenic properties of black tea
The antimutagenic and anticarcinogenic potential of black tea and black tea 
polyphenols, although consumed to a much greater extent than green tea in the West, 
have received considerably less attention than green tea. Despite this, there are 
several studies which have reported the antimutagenic activity of black tea (Table 
1.3) (Kuroda & Hara, 1999; Apostohdes et al., 1997; Bu-Abbas et al., 1996; Stavric
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et ai, 1996; Constable et al, 1996; Apostohdes et al, 1996). Mechanisms for the 
antimutagenic effects of black tea were shown to be inhibition of bioactivating 
enzyme systems (Apostohdes et al, 1997; Bu-Abbas et al, 1996) and the scavenging 
of reactive intermediates (Bu-Abbas et al, 1996).
As already discussed, (section 1.3.3.2), the polyphenohc composition of black tea is 
very different to green tea (Table 1.4). Despite this, it has been reported that black tea 
has the same, if not a shghtly higher, antimutagenic activity than green tea (Bu-Abbas 
et al., 1996; Stavric et a l, 1996; Apostohdes et al., 1996; Yamada & Tomita, 1994). 
Therefore, it is unlikely that flavanols, in the case of black tea, are the components 
responsible for the antimutagenic effects of black tea (Constable et al, 1996).
The two main groups of polyphenols in black tea are the theaflavins and the 
thearubigins (Figure 3.1, chapter 3) (Yang & Wang, 1993). The theaflavins are 
catechin dimers and have been shown to antagonise the carcinogenicity of NNK in 
mice (Yang et al., 1997), have potent antioxidant properties (Miller et a l, 1996; 
Shiraki et al., 1994; Yoshino et al, 1994) and to be antimutagenic in vitro 
(Apostohdes et al., 1997). Although the thearubigin fraction from black tea has been 
studied only to a very minor extent, it has been shown to have antioxidant properties 
(Shiraki et al., 1994; Yoshino et a l, 1994) and to be antimutagenic in the Ames assay 
against indirect-acting model mutagens (Weisburger et al., 1996). Recently, the 
thearubigin fraction from black tea has been partially characterised and a sub fraction 
termed theafulvins has been produced (Baüey et a l, 1992) (Section 3.1). The 
antimutagenic and the anticarcinogenic of the theafulvins remains to be elucidated.
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1.3.3.3 Epidemiological studies
A number of epidemiological studies have reported a correlation between black or 
green tea consumption and a reduced risk of degenerative diseases such as coronary 
heart disease (Hertog et al, 1997; Hertog et al, 1993; Stensvold et a l, 1992) and 
stroke incidence (Keh et al, 1996). There has also been consistent evidence for the 
inhibition of a number of physically- and chemically- induced cancers, by both black 
and green tea, in experimental animals (Ahmad et a l, 1998; Yang et a l, 1997; Yang 
& Wang, 1993). The effect, however, that tea consumption has on the frequency of 
human cancer incidence is inconclusive. A number of studies have reported that tea 
consumption has no effect on cancer incidence (Goldbohm et a l, 1996; Hansson et 
al, 1993) whilst others studies have suggested that tea ingestion reduced cancer risk 
(Yang et al, 1996; Gao et al, 1994; Zheng et al, 1995). Moreover, a number of 
studies have reported that tea consumption has an enhancing effect on cancer 
incidence (Hertog et al, 1997; Hu et al, 1994; Mizuno et al, 1992). Hence, at the 
present time, the conclusions from epidemiological studies in relation to tea 
consumption and cancer incidence are inconclusive.
Generally, it has been difficult to identify human anticarcinogens using 
epidemiological data alone, mainly due the chronic nature of the disease. In humans it 
could take 15-30 years after initial exposure to a carcinogen for an organism to 
display symptoms, hence the identification of human carcinogens by epidemiology 
alone, unless examining extreme cases (e.g. scrotal, bladder or lung cancer, Timbrell,
1991), has proved to be relatively unsuccessful. Therefore, identifying specific
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anticarcinogens has been even more problematic. It has been suggested that 
inconsistencies in the epidemiological data investigating the links between tea 
consumption and a decreased risk of cancer may be due to a lack of quantitative data. 
For example, there may be marked species differences in the pharmacokinetic 
characteristics and bioavailabilities of the biologically active components of tea in 
humans and animals (Chen et al, 1997).
1.3.4 Toxicological consequences of excessive polyphenol intake
As discussed previously, dietary polyphenolics have been shown to have an 
extremely broad range of biological and pharmacological properties. For example 
polyphenols have been shown to: -  act as antioxidants (Leenan et a l, 2000; Hollman 
& Katan, 1999; Vinson et al, 1995), be antimutagenic and anticarcinogenic in vitro 
and in vivo (Kuroda & Hara, 1999; Apostohdes et a l, 1997; Loarca-Pina et a l, 1996; 
Waters et al., 1996; Steele et al, 1985), induce apoptosis (Li et a l, 2000; Yang et a l, 
1998) and modulate a wide variety of enzymes systems (Ahmad & Mukhtar, 1999; 
Breinholt et al, 1999; Bu-Abbas et a l, 1996; Siess et al., 1989). Hence the scientific 
interest in polyphenols as cardioprotective agents and anticarcinogens has, quite 
understandably, been very extensive.
It has been suggested that the possible beneficial effects of polyphenols on human 
health have contributed to an increase in the consumption of dietary supplements 
containing high levels o f polyphenols by some ‘health-conscious’ individuals 
(Skibola & Smith, 2000). The recommended doses on such herbal remedies and
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‘health food’ supplements often far exceeds the doses of flavonoid that would be 
ingested routinely from a typical vegetarian diet (Skibola & Smith, 2000).
Despite all the potential health benefits of flavonoid intake there have been a number 
of studies reporting the mutagenic activity of various polyphenolics in both 
mammalian and bacterial systems (Jurado et al., 1991; Suzuki et a l, 1991; 
MacGregor & Jurd, 1978). Mechanisms for these effects may be due to the fiavonoids 
acting as pro-oxidants and thus generating ROS which damage cellular DNA or by 
the modulation of enzyme systems involved in the bioactivation and/or detoxification 
of environmental and dietary mutagens (Skibola & Smith, 2000; SahU & Gray, 1997).
The levels of fiavonoids required to cause mutations and possible adverse health 
effects are unlikely to be achievable through dietary sources but herbal mixtures 
which contain gram rather than milligram quantities could result in exposure to 
potentially toxic levels (Skibola & Smith, 2000). For example, the manufacturers 
recommended dosage for supplements of the flavonoid quercetin range from between 
500-1000 mg per day which is about 10 to 20 times the amount that would be 
routinely consumed in a typical vegetarian diet (Ktihnau, 1976). Therefore, partly due 
to the lack of regulatory control of herbal supplements, the intake of very large 
quantities of fiavonoids could be easily achieved. This could result in toxicological 
consequences by the fiavonoids acting as promutagens and/or pro-oxidants leading 
consequently to DNA damage.
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It is also pertinent to point out that fiavonoids have been shown to be transferred to 
the developing foetus in pregnant rats (Schroder-van der Elst et al., 1998). These 
investigators also reported that fiavonoids crossed the foetal blood-brain barrier and 
accumulated in the foetal brain at much higher levels than in the mother. Hence, high 
levels of potentially genotoxic compounds would be present in tissues of rapid cell 
growth and development in the foetal rats. The physiological consequences of this 
are, as yet, unknown but it highlights the possible detrimental consequences of an 
excessive flavonoid intake and thus, warrants the need for research into the 
toxicological implications of high flavonoid consumption.
1.4 OBJECTIVES OF THE CURRENT STUDY
There are two principal objectives of these studies. Firstly, to evaluate the 
antimutagenic/mutagenic potential of a variety of dietary polyphenols and to identify 
mechanism(s) for any effects observed.
The second principal objective is to evaluate the pharmacokinetic characteristics of 
(+)-catechin and (-)-epicatechin in the rat at dietary doses. Studies will include both 
oral and intravenous administration and hence, the bioavailability of both compounds 
will be calculated.
The prim ly objectives are thus: -
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1) to evaluate the antimutagenic potential of theafulvins (TFu) isolated from black 
tea against known model mutagens and to investigate the mechanism(s) of any 
observed effects.
2) to establish the antimutagenic capabilities of dietary monomeric and dimeric 
procyanidins against recognised model mutagens and identify the mechanism(s) 
responsible for any effects observed.
3) to ascertain the antimutagenic activity of higher molecular weight dietary 
polyphenols, namely polymeric and ohgomeric procyanidins.
4) to determine the effect of milk addition on the antimutagenic potential of green, 
black and decaffeinated black tea.
5) to determine the pharmacokinetic characteristics of dietary doses of (+)-catechin 
and (-)-epicatechin in the rat and determine the bioavailability of both fiavonoids 
at the doses administered.
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2.1 MATERIALS
2.1.1 Chemicals
Sigma Chemical Company, Poole, Dorset, UK
Aflatoxin 9-aminoacridine, 2-aminoanthracene, 2-aminofluorene, ammonium
persulphate, ammonium sulphamate, ampicillin, aniline hydrochloride, donkey anti­
sheep IgG peroxidase conjugate, ascorbic acid, benzo[a]pyrene, biotin, catalase, (+)- 
catechin, CDNB, crystal violet, cytochrome c, DCNB, 7,12-
dimethylbenz[a]anthracene, (-)-epicatechin, erythromycin, Folin Ciocalteau’s 
reagent, glucose-6-phosphate dehydrogenase, reduced-glutathione, glycerol, histidine, 
isoniazid, linoleic acid, menadione, mercaptoethano 1, methylene blue, MNNG, 2- 
naphthol, 7V-naphthylethylene diamine, nitrocatechol, 2-nitrofluorene, N-
nitrosopiperidine, /V-nitrosopyrrohdine, PAPS, PhIP, potassium sodium tartrate, 
pyronin Y, SDS, sodium ammonium phosphate, sodium dithionite, sodium nitrite, 
superoxide dismutase, TEMED, I  ris HCl and UDPGA
Fisons Pic, Loughborough, Leics., UK
Acetic acid, acetone, acetonitrile, acetyl acetone, ammonium acetate, bovine serum 
albumin, chloroform, citric acid, copper sulphate, dimethyl sulphoxide, EDTA, 
ethanol, ethylacetate, formaldehyde, glucose, glycine, hexane, hydrochloric acid, 
hydrogen peroxide, magnesium chloride, magnesium sulphate, methanol, perchloric 
acid, potassium chloride, potassium cyanide, potassium phosphate, sodium carbonate, 
sodium chloride, sodium hydroxide, sulphuric acid and trichloroacetic acid
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Melford Labs., Chelsworth, Ipswich, UK 
Glucose-6-phosphate, NADP and NADPH
Amersham International, Cardiff, UK
"^^ C-Lauric acid
BOC gasses Ltd., Guildford, Surrey, UK
Carbon monoxide, helium and nitrogen
Cambridge Biosciences, Cambridge, UK
Ethoxyresorufin, methoxyresorufin, pentoxyresorufin and resorufin
Packard Chemical Co. Inc., Meriden, USA
Scintillation cocktail (Safefluor™ ) and Solvable ™
Toronto Research Chemicals, Toronto, Canada
IQ
Robens Institute o f Health and Safety, Guildford, Surrey, UK
Aroclor 1254
Mid-West Research Institute, Kansas, USA 
Benzo[ût]pyrene dihydrodiol and benzo[a]pyrene-4, 5-epoxide
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National Diagnostics, Manville, New Jersey, USA 
Acrylagel and bis-acrylagel
Oxoid ltd., Basingstoke, Hants., UK
Number 2 nutrient broth
London Analytical & Bacteriological Media Ltd., Salford, Lancs., UK
Lab. M No. 1 agar
Hopkin & Williams, London, UK
/7-Aminophenol
Whittards Tea Importers, Guildford, Surrey, UK
‘Gunpowder’ green tea and Lattakari Assam (black tea)
Beckton and Dickinson, Cowley, Oxford, UK
Bacto-agar, Vogel-Bonner E plates
2.1.2 Consumables
Sterilin, Teddington, Middlesex, UK
10 ml, 25 ml and 50 ml plastic universals, triple-vented petri dishes, disposable 
plastic pipettes, and disposable syringes and needles
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LIP, West Yorkshire, UK
LP3 3 ml plastic tubes, plastic spectrophotometer cuvettes and plastic fluorimeter 
cuvettes
Wallac, Milton Keynes, UK
Scintillation vials, scintillation cocktail (Octiphase safe)
Sartorius Ltd., Epsom, Surrey, UK
Minisart 45 pm and 25 pm filters
Starstedt Ltd., Leicester, Leics., UK
Lithium-heparin (500 pi) centrifuge tubes
2.2 METHODS
2.2.1 Animals and animal pre-treatment
Male Wistar albino rats (WA), specific pathogen fi*ee (SPF), 180-250 g, (B & K 
Universal Ltd., Hull UK), were used in all animal studies. The animals were kept in 
controlled conditions within the specifications set by the Home Office, UK. Lighting 
cycles were set at 12 hr (6.30 am-6.30 pm), temperature 22 ± 1 and 50% 
humidity. Animals were given free access to drinking water and standard rodent diet 
(B & K Universal Ltd., Hull, UK) unless otherwise stated.
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2.2, LI Induction of hepatic CYPIA and CYP2B subfamilies
Aroclor 1254 was dissolved in com oil (500 mg/ml). One single intraperitoneal dose 
(500 mg/kg) was administered to the rats (200-220 g). Animals were sacrificed by 
cervical dislocation on the fifth day after dosing and hvers immediately excised and 
treated as described in section 2.2.1.3.
2.2.1.2 Induction of hepatic CYP2E subfamily
Isoniazid was dissolved in water (50 mg/ml). Rats (200-220 g) were dosed daily by 
intragastric gavage (100 mg/kg) for three consecutive days. Food was removed 24 hr 
before sacrifice. Animals were sacrificed by cervical dislocation 24 hr after the last 
dose and Hvers immediately excised and treated as described in section 2.2.1.3.
2.2.1.3 Preparation of hepatic subcellular fractions
All steps were carried out at 0-4 using cold sterile solutions and equipment. 
Animals were sacrificed by cervical dislocation and whole Hvers immediately excised 
and placed in tubes immersed in ice. The tissues were then rinsed in 1.15% (w/v) KCl 
to remove excess blood, and blotted dry before weighing. Livers were manually 
scissor-minced and homogenised using a Potter Elvehjem homogeniser (glass vessel 
and Teflon plunger) rotated at 2,400-3,000 rpm using a standard household drill 
(Black & Decker, UK). The homogenate was adjusted to a 25% (w/v) suspension 
with ice-cold 1.15 % (w/v) KCl. The Hver homogenate was centrifuged at 9000 g  for 
20 min at +4 using a J2-21 centrifuge equipped with a JA-17 rotor, to remove 
debris, nuclei, mitochondria and lysosomes. The supernatant (S9, microsomal
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supernatant) was decanted into LP3 plastic tubes (3 ml) and stored at -20 until
use.
For the preparation of microsomal and cytosolic fractions, S9 samples were defrosted 
on ice and transferred to polyethylene centrifuge tubes and centrifuged at 45,000 rpm 
(105,000 g) for 60 min at +4 using a Beckman L7-65 ultracentrifuge equipped 
with a Ti-70 type rotor. The supernatant, the cytosoUc fraction, was decanted and the 
remaining pellet was resuspended in its original volume with 1.15% (w/v) KCl using 
a Potter Elvehjem homogeniser as described previously (section 2.2.1.3). The 
resuspended pellet is termed the microsomal fraction. The microsomal and cytosohc 
fractions were prepared fresh as required and used immediately.
2.2.2 The Ames Salmonella mutagenicity test
The test previously described by Maron and Ames (1983) was used to investigate the 
mutagenic/antimutagenic potential of xenobiotics.
2.2,2.1 Characteristics o f the bacterial tester strains
Salmonella typhimurium bacterial tester strains were kindly donated by Professor 
B.N.Ames, Berkeley, California, USA. The histidine-requiring Salmonella 
typhimurium bacterial strains TA98, TAIOO and TA1530 were used in the present 
studies. The tester strains contain different mutations in the histidine operon allowing 
the bacteria to detect different types of mutation. TA98 is capable of detecting 
frameshift mutations and TAIOO and TA1530 are capable of detecting mutagens that 
cause base-pair substitutions. As well as the histidine mutation, the tester strains
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contain other mutations that greatly increase their sensitivity for the detection of 
mutagens. Partial loss of the Hpopolysaccharide barrier that coats the surface of the 
bacteria is caused by the rfa mutation. This allows entry of large molecules (e.g. 
benzo [u]pyrene) that would otherwise not readily penetrate the normal bacterial cell 
wall. Deletion of the uvrB gene, which codes for the DNA excision repair system, 
also increases the sensitivity of the tester strains in detecting many mutagens. 
Deletion of the uvrB gene involves partial removal of the bio gene and therefore, 
these bacteria also require biotin for growth (Maron & Ames, 1983). TA98 and 
TAIOO also contain the R-factor plasmid pKMlOl, which renders the bacteria more 
sensitive to reversion by mutagens that are detected weakly or not at all by the parent 
strains lacking the R-factor plasmid (McCann et ah, 1975b; Levin et al., 1982a). 
pKMlOl enhances an error-prone DNA repair system, normally present in these 
organisms, resulting in enhanced chemical and spontaneous mutagenesis (McCann et 
al, 1975b).
2.2.2,2 DNA sequence specificity of the bacterial tester strains
The hisG46 mutation in TAIOO and TA1530 is in the hisG gene, which codes for the 
first enzyme involved in histidine biosynthesis (Ames, 1971). This mutation 
substitutes one of the three G-C base-pairs of proline for an A-T base pair giving 
leucine in the wild-type organism. TAIOO and TA1530 can, therefore, detect 
chemicals that cause base pair substitutions at one of these G-C base-pairs (Table 2.1)
TA98 has the hisD3052 mutation in the hisD gene, which codes for histidinol 
dehydrogenase. The hisD3052 has 8 repetitive G-C residues near the site of a -1
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frameshift mutation in the hisD gene and therefore, reversion is due to frameshift 
mutagens (Table 2.1).
Salmonella
strain
Histidine
mutation
pKMlOl
Plasmid
uvrB
deletion
tfa
mutation
Types of
Mutation detected
TA98 his3052 + + + Frame shift
TAIOO hisG46 + + + Base-pair substitution
TA1530 hisG46 - + + Base-pair substitution
Table 2.1 Genotypes and characteristics o f the bacterial tester strains employed in 
current studies
2.2.2.3 Storage of the bacterial tester strains
Fresh overnight cultures were used to prepare frozen permanent copies of the 
Salmonellù tester strains. Spectrophotometric grade DMSO was added (0.9% v/v) as 
a cryoprotective agent and permanent copies were stored in cryotubes at -80 ^ C.
2.2.2.4 Culturing o f bacterial tester strains
Cultures of the bacterial tester strains were grown in fresh Oxoid nutrient broth (25 
mg/ml) for strain TA1530 and fresh Oxoid nutrient broth (25 mg/ml) containing 
ampicillin (25 mg/ml) for strains TA98 and TAIOO. For each culture, 10 ml of sterile 
nutrient broth was inoculated with frozen permanent culture using a standard sterile 
platinum loop. The inoculated nutrient broth was then incubated for 12 hr at 37 ^C in 
a shaking waterbath.
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2.2.2.5 Bacterial tests
Spontaneous reversion rate, bacterial viability and tests for the appropriate strain 
characteristics were checked on a regular basis. All tests were carried out in triplicate.
2.2.2.5.1 Histidine requirement
Confirmation of the His- character of the bacteria was achieved using selective agar 
plates to demonstrate histidine requirement of the bacterial tester strains. Removal of 
the uvrB gene causes partial loss of the bio gene, therefore (/-biotin as well as 1- 
histidine must be present to obtain growth of the tester strains. A volume of 100 pi of 
a ‘high histidine/biotin’ solution (0.1 M L-histidine and 0.5 mM J-biotin) was spread 
on the surface of a Vogel Bonner E plate. The same volume of buffer containing 0.5 
mM biotin but no histidine was spread onto an identical plate. After the plates had 
dried, fi’esh bacterial cultures were streaked onto the plates and then incubated for 24 
hr at 37 % . Growth on plates with histidine/biotin supplementation only, 
demonstrates retention of the histidine mutation.
2.2.2.5.2 rfa mutation
The presence of the rfa mutation is confirmed by demonstrating sensitivity to crystal 
violet. Fresh bacterial culture (100 pi) was added to 2 ml of nutrient agar (Difco agar: 
0.6% [w/v], NaCl: 0.5% [w/v]) containing 100 pi of ‘high histidine/biotin’ (0.1 M 
histidine, 0.5 mM biotin). The mixture was vortexed and poured onto a Vogel Bonner 
E plate and allowed to set. A sterile filter disc (1 cm diameter) was placed on the agar 
in the centre of the plate. 50 pi of a crystal violet solution (1 mg/ml) was pipetted
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onto the filter disc and the plate incubated for 24 hr at 37 ^C. A clear zone of 
inhibition around the filter disc indicates presence of the rfa mutation.
2.2.2.5.3 Presence of the pKMlOl plasmid
The pKMlOl plasmid is unstable and can be lost fi*om the bacteria (McCann et a l, 
1975). Therefore, it is essential to check the R-factor bacterial tester strains (TA98, 
TAIOO) for ampicillin resistance (also carried on the plasmid) on a regular basis. 
Agar plates were prepared as described previously (section 2.2.2.5.2). 50 pi of 
ampicillin (8 mg/ml in 0.02 M NaOH) was pipetted onto the filter disc in the middle 
of the plate. A continuous lawn of bacterial growth (i.e. no zone of inhibition around 
the filter disc) indicates presence of the R-factor and hence the pKMlOl plasmid.
2.2.2.5.4 Bacterial viability
An aliquot (100 pi) of fi-esh bacterial culture was added to 10 ml of sterile nutrient 
broth. This mixture was vortexed and a 100 pi aliquot removed and added to another 
10 ml of sterile nutrient broth. This procedure was repeated once more and finally 
100 pi of the last dilution was removed and added to 2 ml of nutrient agar containing 
100 pi of L-histidine (0.1 M) and d-biotin (0.5 mM). This mixture was vortexed and 
poured onto a Vogel Bonner E plate and incubated for 24 hr at 37 ®C. The number of 
colonies was counted and the bacterial viability (the number of bacteria per ml of 
original culture) was calculated. Viability should be in the region of 1-2 x 10^  
bacterial cells per ml of fi-esh bacterial culture (Maron & Ames, 1983).
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2.2.2.5.5. Spontaneous reversion rates
The spontaneous reversion rate reflects the number of bacteria that revert back from 
HIS- to HIS+ in a random manner. The spontaneous reversion rate is characteristic 
of the strain being employed in the study (Table 2.2) and is determined by replacing 
the mutagen with the same volume of its solvent vehicle.
2.2.2.6 The plate incorporation test
Sterile 13 mm x 100 mm capped plastic culture tubes were placed in a waterbath at 
45 ^C. 2 ml of nutrient agar (0.6% [w/v] Difco agar, 0.5% [w/v] NaCl), containing 
200 pi of ‘low histidine/biotin’ (0.5 mM histidine, 0.5 mM biotin), 100 pi fresh 
bacterial culture, 100 pi of mutagen, 100 pi of test compound and 500 pi of S9 
activation mix (section 2.2.3) were pipetted into the culture tubes. The tubes were 
vortexed and poured onto Vogel Bonner E plates. When the agar had solidified, the 
plates were incubated for 48 hr at 37 and the revertant colonies counted manually 
using a Gallenkemp colony counter. Each test was performed in triplicate and 
appropriate positive and negative controls were included (Table 2.3).
2.2.2.7 The metabolic activation system
The metabohc activation system used in this study contained 10% of the hepatic 
fraction (section 2.2.1.3), unless otherwise stated and is, therefore, referred to as a 
10% activation system (Table 2.4). The activation system was supplemented with 
glucose-6-phosphate dehydrogenase (1 unit/plate) if the microsomal fraction was 
used in place of the hepatic S9 fraction. If it was necessary to alter the percentage of
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Salmonella 
typhimurium strain
Spontaneous reversion rate 
(no. of colonies / plate)
TA98 30-50
TAIOO 120-200
TA1530 10-20
Table 2.2 Spontaneous reversion rates for the Salmonella typhimurium bacterial 
tester strains
Bacterial strain Positive control
TA98
TAIOO
TA1530
Without activation With activation
2-nitrofluorene (2 pg/plate) 
MNNG (1 pg/plate) 
MNNG (1 pg/plate)
2-aminoanthracene (5 pg/plate) 
2-aminoanthracene (5 pg/plate) 
2-aminoanthracene (5 pg/plate)
Table 2.3 Positive controls in the Ames mutagenicity assay
liver fraction used in the activation system, the difference in volume was adjusted 
accordingly by altering the amount of potassium phosphate buffer added so that the 
total volume of the activation system always remained identical.
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2.2.3 Determination of protein concentration
The protein content of tissue samples was measured using the method of Lowry et al. 
(1951). A coloured complex is formed predominantly from the reaction between the 
alkaline copper-phenol reagent and the tyrosine and tryptophan residues of the 
protein. A standard curve was produced using (20-250 pg) bovine serum albumin 
(BSA, 500 pg/ml).
Components of the hepatic metabolic 
activation system
% of total 
mix
Potassium phosphate buffer (0.2 M, pH 7.4) 50%
Potassium chloride (0.33 M) 10%
Magnesium chloride (0.08 M) 10%
Liver fraction (25% w/v) 10%
Cofactor solution (20 mmoles NADP/ml and 25 mmoles 
glucose-6-phosphate/ml)
20%
Table 2.4 Composition o f the hepatic metabolic activation system
Suitable sample dilutions were carried out using 0.5 M NaOH (e.g. microsomal
fraction [25% w/v] was diluted 100-fold). Blank and BSA standards were set up in
duphcate and samples in triplicate. To each tube, (containing 1 ml of diluted tissue
sample) 5 ml of freshly prepared copper reagent (1 volume copper sulphate [1% w/v]:
1 volume sodium potassium tartrate [1% w/v]: 100 volumes sodium carbonate [2%
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w/v]) was added and immediately vortexed. Tubes were allowed to stand at room 
temperature for approximately 10 min and then 0.5 ml of freshly diluted Folin 
Ciocalteau’s reagent (1:1 dilution with water) was added and tubes vortexed 
immediately. Samples were allowed to stand at room temperature for approximately 
30 min after which, the tubes were mixed again and absorbance read at 720 nm using 
a Kontron Uvikon 932-spectrophotometer. Sample protein concentrations were 
calculated with reference to the standard curve.
2.2.4 Phase I enzyme assays
A number of assays were used as probes for individual cytochrome P450 iso forms. 
All assays were carried out in duphcate, including appropriate blanks and standards.
2,2,4.1 Ethoxyresorufin O-deethylase
The method used is essentially that of Burke & Mayer, (1974), where the production 
of resorufin from the dééthylation of ethoxyresorufin is measured fiuorometrically. 
Fluorescence was measured using a Perkin-Elmer LS5 luminescence 
spectrophotometer. The excitation wavelength was set at 510 nm (slit width 10 mm) 
and the emission wavelength set at 586 nm (slit width 2.5 mm).
The following reagents were mixed in a 3 ml fluorimeter cuvette:
Tris-HCl buffer (0.1 M, pH 7.8 at 37 °C) 
Microsomal fraction (25% w/v)
2 ml
100 p i
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Ethoxyresorufin (0.5 mM) 10 pi
After obtaining a baseline, the reaction was initiated by the addition of 10 pi of 
NADPH (50 mM in 1% NaHCO]) and the reaction was followed for at least 2 
minutes. Activity was determined from the initial linear rate. Calibration was 
achieved using 10 pi aliquots of resorufin (0.1 mM).
2.2.4.2 Methoxyresorufin O-demethylase
The method used is essentially that of Burke & Mayer, (1974), where the production 
of resorufin from the déméthylation of methoxyresorufin is measured 
fiuorometrically. Fluorescence was measured using a Perkin-Elmer LS5 
luminescence spectrophotometer. The excitation wavelength was set at 510 nm (slit 
width 10 mm) and the emission wavelength set at 586 nm (slit width 2.5 mm).
The following reagents were mixed in a 3 ml fluorimeter cuvette:
Tris-HCl buffer (0.1 M, pH 7.8 at 37 °C) 2 ml
Microsomal fraction (25% w/v) 100 pi
Methoxyresorufin (0.5 mM) 10 pi
After obtaining a baseline, the reaction was initiated by the addition of 10 pi of 
NADPH (50 mM in 1% NaHCOg) and the reaction was followed for at least 2 
minutes. Activity was determined from the initial linear rate. Calibration was 
achieved using 10 pi aliquots of resorufin (0.1 mM).
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2.2.4,3 Pentoxyresorufin O-depentylase
The method used is essentially that of Lubet et aL, (1985) where the production of 
resorufin fi-om the depentylation of pentoxyresorufin is measiued fiuorometrically. 
Fluorescence was measured using a Perkin-Elmer LS5 luminescence 
spectrophotometer. The excitation wavelength was set at 510 nm (sht width 10 mm) 
and the emission wavelength set at 586 nm (slit width 2.5 mm).
The following reagents were mixed in a 3 ml fluorimeter cuvette:
Tris-HCl buffer (0.1 M, pH 7.8 at 37 °C) 2 ml
Microsomal fi-action (25% w/v) 100 pi
Pentoxyresorufin (0.5 mM) 10 pi
After obtaining a baseline, the reaction was initiated by the addition of 10 pi of 
NADPH (50 mM in 1% NaHCOg) and the reaction was followed for at least 2 
minutes. Activity was determined fi-om the initial linear rate. Cahbration was 
achieved using 10 pi aliquots of resorufin (0.1 mM).
\
2.2 4.4. Erythromycin N-demethylase
The method used is essentially that of Wrighton et aL, (1985). The déméthylation of 
erythromycin yields formaldehyde which, after the addition of Nash reagent, 
produced a yellow complex.
The incubation mixture was prepared in LP3 tubes and comprised:
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Potassium phosphate buffer (0.05 M, pH 7.25) 390 pi
MgCb (0.15 M) 100 pi
Erythromycin (0.01 M) (dissolved in minimal amount of 0.5 M HCl 
and then made up to the appropriate volume with water) 100 pi
NADP (12.5 mM) 100 pi
G-6-P (0.15M) 100 pi
Microsomal fraction (25% w/v) 200 pi
Tubes were allowed to equihbrate at 37 %  in a shaking waterbath for approximately 
5 min. The reaction was initiated by the addition of G-6-P dehydrogenase 10 pi (2 
units). The tubes were incubated for a further 10 min under the same conditions and 
the reaction was terminated by the addition of 0.5 ml ice-cold trichloroacetic acid 
(12.5% w/v). Samples were centrifuged for 10 min at 2,500 rpm using a Beckman J-6 
centrifuge to precipitate protein. An 1.0 ml ahquot of the supernatant was removed 
and added to 1.0 ml of freshly prepared Nash reagent (4 M ammonium acetate 
containing 4 pl/ml acetylacetone) and the mixture incubated for 40 min at 37 ^C in a 
shaking waterbath. Tubes were allowed to cool to room temperature and then the 
absorbancé of the resulting colour was read at 412 nm using a Kontron Uvikon-932 
spectrophotometer. Suitable standards (0-0.5 pmol formaldehyde) and blanks were 
prepared and carried through the same procedure except that the erythromycin was 
added after termination of the reaction with 0.5 ml ice-cold TCA (12.5% w/v).
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2,2.4.5 p-Nitrophenol hydroxylase
Nitrocatechol is formed by the hydroxylation of /7-nitrophenol by cytochrome P450. 
The conversion of^-nitrophenol to nitrocatechol was determined using the method of 
Reinke & Mayer, (1985), as modified by McCoy & Koop, (1988). The following 
reagent mixture was prepared in LP3 tubes in duplicate: -
Potassium phosphate buffer (0.2 M, pH 6.8) 500 pi
Ascorbic acid (1 mM) 100 pi
/?-Nitrophenol (1 mM) 100 pi
Microsomal fraction (25% w/v) 200 pi
Samples were allowed to equilibrate at 37 %  for 5 min in a shaking waterbath. The 
reaction was initiated by the addition of 100 ml NADPH (10 mM in 1% NaHCOg). 
Samples were mixed and incubated at 37 for 30 min in a shaking waterbath. The 
reaction was arrested by the addition of 0.5 ml ice-cold perchloric acid (0.6 M). All 
samples were centrifuged at 3,000 g for 10 min using a Beckman J-6 centrifuge. 
Aliquots of the supernatant (1.0 ml) were removed and added to 100 pi of sodium 
hydroxide (10 M). Samples were mixed the absorbance was measured at 536 nm 
using a Kontron Uvikon-932 spectrophotometer. Nitrocatechol standards (0-50 nmol) 
and suitable blanks were prepared and carried through the same procedure. NADPH 
was not added to the blanks or standards and volumes adjusted with potassium 
phosphate buffer (0.2 M).
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2,2,4.6NADPH-cytochrome c reductase
NADPH-cytochrome c reductase is a microsomal enzyme and functions as a 
component of the mixed-fimction oxidase system. The activity is measured 
essentially by the method of Williams & Kamin, (1962). Reaction mixtures were 
prepared in two cuvettes as follows:
Test Reference
Potassium phosphate buffer
(0.05 M, pH 7.6 containing 1 mM KCN) 1.8 ml 1.9 ml
Microsomal fraction (25% w/v) 1.0 ml 1.0 ml
Cytochrome c (0.1 mM) 0.1 ml 0.1 ml
NADPH (0.03 M) 0.1 ml
Total volume 3.0 ml 3.0 ml
After establishing a baseline, the reaction was initiated by the addition of 100 pi of 
NADPH (0.03 M) and followed for 2 min at 550 nm using a Kontron Uvikon-932 
spectrophotometer. The initial velocity of the reaction was taken as a measure of 
cytochrome c reduction. Enzyme activity was calculated using a molar extinction 
coefficient of 18.5 mM“^cm“\
2.2.4.7 Laurie acid hydroxylase
The total ©- and co-l hydroxylation of lauric acid was determined using the method 
of Parker & Orton, (1980). The following reagents were prepared in sovirel tubes (15 
ml) in duplicate: -
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MgCb (0.15 M) 0.10 ml
Tris-HCl buffer (0.05 M, pH 7.4) 1.35 ml
Lauric acid (1 mM) 0.20 ml
'^^C-lauric acid (10 pCi/ml) 0.01 ml
Microsomal supernatant (25% w/v) * 0.20 ml
All samples were placed in a shaking waterbath set at 37 ^C for about 5 min to allow 
for temperature equilibration. The reaction was initiated by the addition of 0.1 ml of 
NADP (12.5 mM in 1% [w/v] NaCOg) and 0.1 ml of glucose-6-phosphate (0.15 M). 
Samples were incubated at 37 °C in a shaking waterbath for 20 min, after which, the 
reaction was terminated by the addition of 0.2 ml HCl (3 M). Diethylether (10 ml) 
was added, and samples extracted for 10 min using a mechanical rotary shaker. An 
aliquot (8.0 ml) of the organic phase was removed and placed into clean tubes and 
evaporated to dryness under nitrogen. The resulting residue was dissolved in 
methanol (60 pi) and then 25 pi was loaded onto a silica gel TLC plate. TLC plates 
were placed in a glass tank containing hexane (70%), diethylether (28%) and acetic 
acid (2%) and allowed to develop. TLC plates were analysed on a Berthold LB2842 
TLC linear scanner. Blanks, prepared by omitting the addition of NADP, were carried 
through the same procedure.
2,2.4.8 Aniline hydroxylase
The method used to measure the ^-hydroxylation of aniline is that essentially of 
Guarino et aL, (1969). The following reaction mixture was prepared in duplicate and 
incubated at 37 ^C in a shaking waterbath for 30 min: -
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Tris-HCl (0.3 M, pH 7.6) 0.6 ml
Aniline hydrochloride (40 mM, pH 7.6) 0.5 ml
Magnesium chloride (100 mM) 0.1 ml
Glucose-6-phosphate (100 mM) 0.1 ml
NADP (10 mM) 0.1 ml
Glucose-6-phosphate dehydrogenase (10 units/ml buffer) 0.1 ml
Microsomal fraction (25% w/v) 0.5 ml
The reaction was terminated by the addition of sohd sodium chloride (approximately 
1 g). The product, /7-aminophenol, was extracted into ether containing 1.5% (v/v) 
isoamyl alcohol (12 ml), for 20 min using a mechanical rotary shaker. Aliquots of
ether (10 ml) were removed and placed into fresh tubes, and 4 ml of tripotassium
orthophosphate (0.5 M) containing phenol 1% (v/v) was added. Samples were 
extracted as before for 30 min. The absorbance of the resulting aqueous phase was 
read at 620 nm using a Kontron Uvikon-932 spectrophotometer and enzyme activity 
was calculated with reference to standards and blanks that had been carried through 
the same procedure.
2.2.4.9 Total cytochrome P450 content
The total microsomal P450 content was measured using the method described by 
Omura & Sato, (1964). Microsomal suspension (25% w/v) was diluted 1:5 with 
phosphate buffer (0.1 M, pH 7.4), approximately 10 mg of sodium dithionite added 
and placed into two spectrophotometer grade plastic cuvettes. A baseline was
57
Chapter 2___________________________________________________________Materials and Methods
established between 390 and 500 nm using a Kontron Uvikon-932 
spectrophotometer. The test cuvette was removed and carbon monoxide bubbled 
through for approximately 30 sec. Absorbance difference between the reference and 
test cuvettes was measured under the same conditions as before. Total cytochrome 
P450 content was calculated using the difference in optical density between 450 and 
490 nm and the molar extinction coefficient of 91 mlVT^ cmT^
2,2,4,10 Epoxide hydrolase
Microsomal epoxide hydrolase enzyme activity was determined essentially as 
described by Dansette et al., (1979) and is based on the hydrolysis of benzo[a]pyrene- 
4,5-epoxide to its corresponding dihydrodiol. The following reagents were prepared 
in a 3 ml fluorimeter cuvette: -
Tris-HCl buffer (0.015 M, pH 8.7 at 37 °C) 2.0 ml
Benzo [a]pyrene-4,5 -epoxide (2 mM in acetonitrile) 10 pi
Microsomal fi-action (25% w/v) 50 pi
The contents of the cuvette were mixed and the increase in fluorescence was 
measured using a Perkin-Elmer LS5 luminescence spectrophotometer. The excitation 
wavelength was set at 310 nm (slit width 5 mm) and emission wavelength set at 385 
nm (slit width 2.5 mm). Enzyme activity was calculated using a standard plot 
obtained by replacing benzo [a]pyrene-4,5-epoxide in the reaction mixture with 
increasing volumes of benzo[a]pyrene-4,5-dihydrodio 1 (2 mM in acetonitrile) and 
measuring change in fluorescence.
58
Chapter 2___________________________________________________________ Materials and Methods
2.2.5 Phase II enzyme assays
Phase II or conjugation reactions involve a diverse group of enzymes that generally 
produce water-soluble products that can be readily excreted into urine or bile. Hence, 
phase II reactions are extremely important in the process of detoxification of 
xenobiotics and their reactive intermediates.
2.2.5.1 Glutathione ^transferase
Glutathione ^'-transferase activity was determined essentially as described by Habig 
et al., (1974). Since glutathione ^transferase exists as a family of enzymes with their 
own characteristic substrate specificity, two substrates were used in order to get a 
broader measure of glutathione ^'-transferase activity. The two substrates employed in 
this assay were 3,4-dichloronitrobenzene (DCNB) and 1 -chloro-2,4-dinitrobenzene 
(CDNB).
2.2.5.1.1 Determination of glutathione ^'-transferase activity using DCNB as the 
substrate
The hepatic cytosoHc fraction (12.5% w/v) was diluted 1:4 with KCl (0.15 M). The 
following reagents were mixed in 3.0 ml spectrophotometer cuvettes: -
Test Reference
Potassium phosphate buffer (0.1 M, pH 7.5) 1.8 ml 1.9 ml
DCNB (25 mM in 96% EtOH) 0.1 ml 0.1ml
GSH (25 mM in 0.15 M KCl) 0.5 ml 0.5 ml
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After a baseline had been established, the reaction was initiated by the addition of 100 
pi of cytosol to the test cuvette. Absorbance change was followed at 345 nm, for a 
period of 5 min, using a dual beam spectrophotometer (Kontron Uvikon 932). 
Glutathione ^'-transferase activity was calculated using the molar extinction 
coefficient of the nitrophenyl-glutathione conjugate of 8.5 mlVr^cm“^
2.2.5.1.2 Glutathione ^-transferase activity determination using CDNB as the 
substrate
The hepatic cytosoHc fraction (25% w/v) was diluted 100-fold with KCl (0.15 M). 
The following reagents were mixed in 3.0 ml plastic spectrophotometer cuvettes: -
Test Reference
Potassium phosphate buffer (0.1 M, pH 7.5) 1.8 ml 1.9 ml
CDNB (25 mM in 96% EtOH) 0.1 ml 0.1 ml
GSH (5 mM in 0.15 M KCl) 0.5 ml 0.5 ml
After a baseline had been established, the reaction was initiated by the addition of 100 
pi of the diluted cytosol to the test cuvette. Absorbance change was foUowed at 340 
nm, for a period of 5 min, using a dual beam spectrophotometer (Kontron Uvikon 
932). Glutathione ^'-transferase activity was calculated using the molar extinction 
coefficient of the nitrophenyl-glutathione conjugate of 9.6 mM^^cm"\
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2,2,5.2 Sulphotransferase
Sulphotransferase activity was measured using the method described by Sekura et al., 
(1981), employing 2-naphthol as the accepting moiety. The following reagents were 
prepared in duphcate: -
Potassium phosphate buffer (0.1 M, pH 7.4) 0.1 ml
2-Naphthol (1 mM in 75% [v/v] acetone) 0.1 ml
2-Mercaptoethanol (0.1 M in 0.1 M potassium phosphate buffer) 20 pi 
PAPS (2 mM in 0.1 M potassium phosphate buffer) 40 pi
Tubes were placed in a waterbath at 37 for approximately 2 min to allow for 
temperature equilibration. The reaction was initiated by the addition of 100 pi of 
cytosol (25% w/v) and samples were incubated for 30 min. The reaction was 
terminated by the addition of 0.5 ml of methylene blue (0.025% [w/v] containing 50 g 
Na2S04 and 10 ml H2SO4 [4 M]) and chloroform (2 ml) was added. Tubes were 
mixed thoroughly and then centrifuged at 2,500 g for 10 min using a Beckman J6 
centrifuge. Aliquots of the chloroform phase (1.5 ml) were transferred to fresh tubes 
containing 50-100 mg of Na2S04. After thorough mixing, tube contents were poured 
into a spectrophotometer cuvette, and absorbance was measured at 615 nm using a 
Kontron Uvikon 932 spectrophotometer. Sulphotransferase enzyme activity was 
calculated with the hypothesis that 1 pmol of 1-naphthol sulphate has an absorbance 
of 30 units (Sekura et al., 1981).
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2.2.5.3 UDP-glucuronosyl transferase
UDP-glucuronosyl transferase activity was measured using the method described by 
Burchell, (1978). The following reagents were prepared and mixed as a stock 
solution:-
Tris-HCl buffer (0.1 M, pH 8.0) 8.0 ml
MgCl2(0.15M) 1.0 ml
Triton-X (1% w/v) 0.5 ml
Ascorbic acid (0.02 M) 1.0 ml
UDP-glucuronic acid 10 mg
Aliquots of the above solution (1 ml) were added to 0.5 ml of 2-aminophenol (1 mM) 
in test-tubes, and were placed in a waterbath set at 37 %  for approximately 2 min to 
allow for temperature equilibration. The reaction was initiated by the addition of 0.5 
ml of microsomal suspension (25% w/v) and samples were incubated for 30 min. The 
reaction was terminated by the addition of 1.0 ml of ice-cold TCA (20% w/v in 0.1 M 
potassium phosphate buffer, pH 2.7). Tubes were allowed to stand for approximately 
5 min and they were then centrifuged at 2,500 g for 10 min using a Beckman J6 
centrifuge to precipitate protein. An ahquot of the supernatant was removed (1.0 ml), 
placed into fresh tubes and 0.5 ml of freshly made sodium nitrite (1% w/v) was 
added. Tubes were vortexed and allowed to stand for approximately 2 min and 0.5 ml 
of ammonium sulphamate (0.5% w/v) was subsequently added. Samples were mixed 
thoroughly and allowed to stand for a further 3 min after which 0.5 ml of N- 
naphthylethylene diamine (0.1% w/v) was added. After vortexing, tubes were allowed
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to stand in a dark room, at room temperature for 60 min, then absorbance was 
measured at 540 nm using a Kontron Uvikon 932 spectrophotometer.
Due to the unavailability of 2-aminophenol glucuronide, the standard curve used for 
the calculation of UDP-glucuronosyl transferase activity in this assay was prepared 
using an aniline solution (0.1 mM in TCA 6% w/v). Aniline was deemed an adequate 
substitute because it produces similar chromophore properties to 2-aminophenol 
glucuronide.
2.2.6 Statistical evaluation
Results from all assays were analysed using the Student’s r-test.
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3.1 INTRODUCTION
Several different types of polyphenohc compounds have been identified in black tea, 
including theaflavins (TF) and theafiilvins (TFu). The individual contribution which 
these natural compounds make to the antimutagenic activity of black tea, and 
therefore, the potential role played by these compounds in cancer prevention remains 
to be elucidated.
Polyphenols, by virtue of their chemical structure are antioxidants (Hollman & Katan, 
1999; Constable et al., 1996), and therefore have the capability of protecting 
biological systems from the harmful effects associated with reactive oxygen species 
(ROS), including lipid peroxidation, cell injury and damage to proteins and DNA 
(Timbrell, 1991). The antioxidant capabilities of black tea have been well 
documented (Wéisburger, 1999; Lu et al., 1997; Bu-Abbas et al., 1996; Yang et al., 
1996; Constable et al., 1996; Vinson et al., 1995; Yoshino e/ al., 1994), ail of which 
identify polyphenolic compounds as the antioxidative constituent. Hence, by acting as 
an antioxidant, black tea has been reported to protect against the consequences of 
oxidative stress such as atherosclerosis and carcinogenesis (Weisburger, 1999; 
Constable et al., 1996; Yoshino. et al., 1994).
Various studies have shown that black tea not only acts as an antioxidant but also has 
antimutagenic activity (Kuroda & Hara, 1999; Apostolides et al., 1997; Bu-Abbas et 
al., 1996; Stavric et al., 1996; Constable et al., 1996; Apostolides et al., 1996). 
Antimutagenic activity could be due to a decrease in oxidative stress caused by black 
tea polyphenols acting as antioxidants and, therefore, preventing DNA damage by
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ROS. Alternatively, black tea polyphenols or other components of black tea could 
scavenge reactive intermediates or modulate enzyme systems responsible for the 
generation/detoxification of mutagenic metabolites. Studies have shown that black tea 
inhibits specific cytochrome P450 enzymes responsible for the bioactivation of 
various carcinogens (Apostolides et al., 1997; Bu-Abbas et al., 1996) and scavenges 
potentially mutagenic intermediates (Bu-Abbas et al., 1996). Despite the extensive 
research devoted to black tea, very httle work has been conducted to evaluate the 
effect of individual polyphenols present in black tea.
Much of the early scientific research concerning tea focussed on green tea, and 
identified flavanols, specifically epigallocatechin gallate (EGCG), as the likely 
polyphenolic constituent responsible for the antimutagenic activity of the tea brew 
(Fujiki et al., 1998; Yang et al., 1998; Ahmad et al., 1997; Fujiki et al., 1996; Wang 
et al., 1994; Pingzhang et al., 1994; Hara et al., 1989). Black tea has been reported to 
have the same, if not a sHghtly higher degree of antimutagenic activity as green tea 
(Bu-Abbas et ah, 1996; Stavric et al., 1996; Apostolides et al., 1996; Yamada & 
Tomita, 1994). Fresh green tea leaves contain a number of naturally occuring 
polyphenols, mainly flavanols and flavanol derivatives, which, for the most part, are 
preserved in the final dry green tea product (Apostolides et al, 1996). As much as 
80% of the fresh green leaf flavanols are biochemically oxidised by polyphenol 
oxidase enzymes to theaflavins (TF) and thearubigins (TR) in the manufacture of 
black tea (Figure 3.1) (Powell, 1995; Bailey et al., 1992; Balentine, 1992).
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Despite the large difference in chernical composition between green and black tea, the 
antimutagenic activity has been reported to be very similar (Bu-Abbas et ah, 1996; 
Constable et al., 1996). Flavanols are, therefore, very unlikely to be the component(s) 
responsible for these effects in the case of the black tea brew (Constable et al., 1996). 
There was no relationship between content of individual flavanols in green tea 
fractions and antimutagenic activity in studies by Bu-Abbas et aL, (1997) and hence, 
the abihty of green tea flavanols to impair the initiation stage of carcinogenesis has 
been questioned (loannides, 1998).
The theaflavins and thearubigins are the most abundant form of polyphenohc 
compounds present in black tea (Yang & Wang, 1993). The theaflavins are catechin 
dimers whereas the thearubigins are polymeric polyphenols with unknown structures. 
The structure of the major and several minor theaflavins has been determined 
unequivocally, and because of this, compared with the thearubigins, the theaflavins 
can be relatively easily isolated (partitioned into ethyl acetate) and fractionated 
(column chromatography). Hence, the theaflavins have been studied to a moderate 
extent (Davis et al., 1997).
The theaflavins are responsible for the red-orange colour and, in part, the 
characteristic flavour of black tea (Yang et al., 1997; Balentine, 1992). Theaflavins 
have been shown to effectively antagonise the carcinogenicity of NNK in mice (Yang 
et al., 1997), inhibit the mutagenicity of the food carcinogen PhIP in in vitro studies 
(Apostohdes et al., 1997) and have been shown to possess potent antioxidant 
properties (Miller et al., 1996; Shiraki et al., 1994; Yoshino et al., 1994).
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Major polyphenolic components of green tea
Fermentation Tea polyphenol oxidase
Major polyphenolic components of black tea
OH OH
OH
OH
COOH
COOH
OH OH
Theaflavins Thearubigins
(Hypothetical structure)
(Harbowy & Balentine, 1997; Roberts, 1958)
R = Galloyl or H
(Taken from: Yang & Wang, 1993)
Figure 3,1 The chemical structure of the major polyphenolic components of black 
tea
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Thearubigins, although studied to a comparatively minor extent, have been shown to 
have antioxidant properties (Shiraki et al., 1994; Yoshino et al., 1994). In preliminary 
studies, using a polyphenolic fraction isolated from black tea comprising 
predominantly thearubigins, antimutagenic activity, against a number of indirect- 
acting mutagens in the Ames test, was greatest when the polyphenol was added at 
concentrations of 1-3 mg per plate. In contrast, in the same study, the thearubigin-rich 
polyphenolic fraction failed to modulate the mutagenicity of direct-acting mutagens 
(Weisburger et al., 1996).
The water-soluble material that remains after partitioning a black tea brew against 
ethyl acetate is commonly referred to as crude thearubigins. This crude fraction is 
rich in polyphenols and contains small amounts of flavanols, flavonol glycosides and 
other polyphenols that have survived fermentation. Column chromatography on 
cellulose as described by Bailey et ah, (1992), has permitted the prepaiation of a 
polyphenolic fraction known as theafulvins (TFu) which is virtually free from 
polyphenols of known structure (i.e. the flavanols, flavonol glycosides, etc. that have 
survived fermentation).
Relatively little is known about the composition and chemical structure of the TFu 
fraction except that it is free from caffeine, polyphenolics of known structure and is 
low in total nitrogen. It elutes as a convex hump from reverse phase HPLC (Figure 
3.2), but can be partially resolved by size exclusion HPLC (Clifford & Powell, 1996; 
Chfford et ah, 1996). When the column is calibrated with pure neutral condensed and 
hydrolysable tannins, the resultant peaks have masses in the range 900-2300 Da. In
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Figure 3.2 HPLC chromatograms of TFu isolated from black tea brew (chart A) 
and whole black tea brew (chart B)
TFu and whole tea brew (freeze-dried solids from a black tea brew) were made up to 
a concentration o f 50 pg/ml with RO water. An aliquot o f 100 pi was injected onto 
the column and chromatographed as described in section 3.3.3.1. Detection was 
monitored with UV absorption set at 280 nm
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more recent studies theacitrins have been shown to be minor components of the 
isolated TFu (Davies et al., 1997; Powell, 1995). The TFu subfraction of the TR is a 
convenient surrogate for TR because it is unique to black tea and yet virtually free 
from polyphenols of known structure that have been shown previously to be 
biologically active in various test systems (Liang et al., 1999; Lin et ah, 1999; Chen 
et al., 1999; Yoshino er uA, 1994).
Quantifying the levels of individual polyphenols present in black tea is problematic 
for a number of reasons. The precise structure and possibly composition of some 
black tea polyphenols, eg. TFu, is uncertain (Bu-Abbas et ah, 1996; Apostolides et 
ah, 1996). These investigators have shown that black tea brews vary markedly in 
polyphenohc composition depending on the method of brewing and, to a lesser 
extent, the origin of leaf used. However, theaflavins and thearubigins may comprise 
as much as 2.62% and 35.9% of the dry weight of black tea respectively (Graham, 
1992).
Black tea is one of the most popular beverages in the UK and therefore an extremely 
important dietary constituent. The health benefits of drinking green tea, in relation to 
cancer and cardiovascular disease prevention, are well documented (Fujiki et ah, 
1999; Imai et ah, 1997; Dreosti et ah, 1997; Hirose et ah, 1995; Vinson et ah, 1995; 
Pingzhang et ah, 1994; Yang & Wang, 1993). Studies on individual constituents of 
the green tea brews have identified polyphenolic compounds, predominantly 
epigallocatechin gallate (EGCG), as the components responsible for some of its 
beneficial effects. Due to processing techniques, the polyphenohc composition of
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black tea is different to that of green tea. However, green and black tea brews are 
reported to have similar antioxidant and antimutagenic properties. There have been 
no studies investigating the antimutagenic or antioxidant potential of the TFu fraction 
isolated from black tea. The present study, therefore, investigates the antimutagenic 
potential of TFu isolated from black tea against known dietary carcinogens with 
which they are likely to be concurrently ingested.
3.2 OBJECTIVES OF THIS STUDY
The principal objectives of this study were to:
(1) evaluate the antimutagenic potential of TFu against a number of dietary 
carcinogens with which they are likely to be concurrently ingested.
(2) identify a mechanism(s) responsible for antimutagenic/mutagenic effects 
observed.
3.3 MATERIALS AND METHODS
3.3.1 Preparation of black tea brew
Black tea leaves (Lattakari assam) were ground in a mill (Gryphon 11-300, Brook 
Crompton Parkinson Motors, Huddersfield, UK). RO water was boiled in a domestic 
kettle and then used to warm a standard vacuum flask for approximately 2 min. The 
hot water was discarded and 25 g of ground tealeaves were placed into the flask 
followed by 1000 ml of boiling RO water. The vacuum flask was capped and inverted 
approximately every 30 seconds for 10 minutes. The brew was passed through glass 
wool to remove the hydrated tealeaves.
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3.3.1,1 Preparation o f decaffeinated black tea
The black tea brew (approximately 750 ml in volume) was placed into a glass- 
separating funnel and allowed to cool to 60-70 ^C. An equal volume of chloroform 
was added, and the flask was shaken vigorously for 1 min. The mixture was allowed 
to partition and the lower layer (chloroform and caffeine) was removed and 
discarded. The upper layer was extracted in an identical manner a fiirther three times.
3.3.2 Isolation of TFu from black tea
The decaffeinated black tea brew was treated as previously described (Bailey et a l, 
1992) to isolate TFu. The removal of non-polar compounds, predominantly 
theaflavins, was carried out using solvent partition with ethyl acetate. Approximately 
1 htre of ethyl acetate was added to the black tea brew (approximately 750 ml in 
volume) in a separating flask and shaken thoroughly for about 1 min. The resulting 
mixture was allowed to separate for 1 hr. The upper organic phase was discarded and 
the lower aqueous phase retained and carried through the same procedure for a fiirther 
three times. The remaining crude thearubigin fi-action was passed through a Solka 
floe cellulose column in order to separate TFu fi*om the other thearubigins and other 
polyphenols that have survived fermentation, TFu being eluted with 50% acetone in 
water. Drs. G. Harden, E. Copeland and L. Mitchell isolated the TFu used in this 
study.
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3.3.2,1 Analysis o f TFu by HPLC
The purity of the TFu fraction was checked using HPLC (Figure 3.2). TFu was 
dissolved in RO water (50 pg/ml), 100 pi injected onto the column by a Spectra 
Physics AS3000 autosampler, which was connected to a Spectra Physics P4000 
gradient pump. Separation was achieved using a column (10 cm x 4.6 cm) packed 
with Hypersil 3 pm CDS (Hichrom Ltd., Berkshire, UK) and eluted using the 
following system:
0.5% (v/v) acetic acid
Solvent A
55 minutes 0.5% (v/v) acetic acid
 ------------ -—^  30% (v/v) acetonitrile
Gradient 1 Solvent B
Solvent flow rate: =1.0 ml/min
Eluting peaks were detected by a Spectra Physics forward optical scanning detector 
recording at 280 nm. The chromatographic data was collected and processed using an 
IBM PS/2 computer equipped with Spectra FOCUS software. A whole black tea brew 
(freeze-dried and reconstituted to 50 pg/ml with RO water) sample was similarly 
analysed, for comparison.
3.3.3 The Ames mutagenicity assay
Mutagenicity testing was carried Out using the Ames assay (see section 2.2.2.6). All 
model mutajgens were dissolved in DMSO except the nitrosamines, which were 
dissolved in RO water.
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3,3,3.1 Modified Ames test procedure to evaluate the ability of tea to scavenge 
genotoxic electrophiles
Into sterile capped culture tubes (13 mm x 100 mm), 500 pi microsomal activation 
mix (section 2.2.3), 100 pi of fresh bacterial culture (TA98) and 100 pi of test 
mutagen (50 ng IQ) were added and vortexed. The tubes were then incubated for 20 
min at 37 in a shaking waterbath. After this initial incubation, 100 pi of 
menadione (900 pM) and either 100 pi of TFu (5 mg/ml) or 100 pi of RO water was 
added to the tubes, and a second incubation using the same conditions was carried 
out. After the second incubation, 2 ml of nutrient agar (Difco agar; 0.6% [w/v], NaCl: 
0.5% [w/v]) containing 0.5 mM L-histidine and 0.5 mM d-biotin was added, and 
tubes vortexed and poured onto Vogel Bonner E plates. The plates were allowed to 
solidify and then were incubated for 48 hrs at 37 ®C. The revertant colonies were 
counted manually using a GaUenkamp colony counter. For the purpose of 
distinguishing between inhibition of microsomal bioactivation and scavenging of 
reactive intermediates of the promutagen IQ by TFu, concurrent incubations were 
carried out where TFu was added to the activation system. Each test was carried out 
in triplicate and appropriate positive controls were included (section 2.3).
3.3.4 Determination of Cytochrome P450 enzyme activity
The O-dealkylations of methoxyresorufin, ethoxyresorufin and pentoxyresorufîn and 
the /7-hydroxylation of aniline were used as biomarkers for CYP1A2, CYPlAl, 
CYP2B and CYP2E1 activities respectively (section 2.2.4).
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3.3.5 Lowry protein determination
Protein levels were measured using the Lowry procedure (section 2.2.3)
3.4 RESULTS
/
3.4.1 The effect of TFu on the mutagenicity of indirect-acting dietary 
model mutagens
A range of TFu concentrations (10-500 pg) was tested for antimutagenic activity 
against seven indirect-acting mutagens (i.e. requiring metabohc activation) 2-amino- 
3 -methylimidazo- [4,5 ;/] quino line (IQ), 2-amino-1 -methyl-6-phenylimidazo [4,5- 
6]pyridine (PhIP), benzo [ujpyrene, 7,12-dimethylbenz[a]anthracene, 
nitrosopyrrolidine, nitrosopiperidine and aflatoxin Bi using the Ames mutagenicity 
assay. All tests were reproduced on at least two separate occasions under the same 
conditions.
At concentrations >100 pg/plate, TFu caused a concentration-dependent inhibition of 
the mutagenic response elicited by the heterocyclic amines IQ and PhIP. The 
mutagenic response was completely suppressed at TFu concentrations of 500 pg/plate 
(Figure 3.3). A significant antimutagenic response was also seen when TFu was 
tested against the polycyclic aromatic hydrocarbons benzo [a]pyrene and 7,12- 
dimethylbenz[a]anthracene (Figure 3.4). TFu, at concentrations above 100 pg/plate, 
caused a concentration-dependent inhibition of the mutagenicity displayed by the 
nitrosamines nitrosopyrrolidine and nitrosopiperidine (Figure 3.5). TFu at 
concentrations above 50 pg/plate potentiated the mutagenicity of the mycotoxin 
aflatoxin Bi (Figure 3.6). This enhanced mutagenic response reached a plateau at TFu
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concentrations of 150 pg/plate and then started to decrease but never returned to 
control levels. The TFu fraction itself did not elicit a mutagenic response either in the 
presence or absence of an activation system (Figure 3.7).
3.4.2 The effect of TFu on the mutagenicity of direct-acting model 
mutagens
Ranges of TFu concentrations were tested for antimutagenic activity against two 
direct-acting mutagens (i.e. not requiring metabolic bioactivation): A/-methyl-A/-nitro- 
A/-nitrosoguanidine (MNNG) and 9-aminoacridine using the Ames mutagenicity 
assay. This was carried out to investigate the possibility that TFu exert their 
antimutagenic effects by scavenging the reactive intermediates of carcinogens, thus 
protecting the DNA. TFu had no effect on the mutagenicity of the model mutagen 
MNNG and only a weak inhibitory effect on the mutagenic response ehcited by 9- 
aminoacridine (Figure 3.8).
3.4.3 The capability of TFu to scavenge reactive intermediates
Studies were carried out to establish whether TFu exert their antimutagenic effects by 
scavenging reactive intermediates or by inhibition of the enzyme systems responsible 
for the bioactivation of the promutagens. Bacteria, activation system and IQ were 
incubated at 37 for 20 minutes, to allow metabolic generation of reactive 
intermediates, and then microsomal metaboUsm was terminated by the addition of 
menadione. TFu or buffer was added and a second incubation was carried out under 
the same conditions. TFu failed to modulate the mutagenic response of IQ under
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Figure 3.3 The effect of TFu on the mutagenic response elicited by the heterocyclic 
amines IQ and PhIP in the Ames test
The study was carried out using Salmonella typhimurium strain TA98 and IQ (50 
ng/plate) and PhIP (2 pg /plate). Hepatic S9 preparations from Aroclor 1254- 
induced rats (10% v/v) served as the activation system. Results are presented as mean 
± SD for triplicate plates. The spontaneous reversion rate o f 38 ± 5 has already been 
subtracted
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Figure 3.4 The effect o f TFu on the mutagenic response elicited by the polycyclic 
aromatic hydrocarbons benzo[2i]pyrene and dimethylbenz[2i]anthracene in the 
Ames test
The study was carried out using Salmonella typhimurium strain TA 100 and 
benzo[dijpyrene (25 pg/plate) and dimethylbenz[ajanthracene (25 pg/plate). Hepatic 
S9 preparations from Aroclor 1254-induced rats (10% v/v) served as the activation 
system. Results are presented as mean ± SD for triplicate plates. The spontaneous 
reversion rate o f 113 ± 8 has already been subtracted
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Figure 3,5 The effect o f TFu on the mutagenic response elicited by the 
nitrosamines ^-nitrosopyrrolidine and ^ -nitrosopiperidine in the Ames test
the study was carried out using Salmonella typhimurium strain TA1530 and N- 
nitrosopyrrolidine (4 mg/plate) and 'M-nitrosopiperidine (4 mg/plate). Hepatic S9 
preparations from isoniazid-induced rats (10% v/v) served as the activation system. 
Results are presented as mean ± SD for triplicate plates. The spontaneous reversion 
rate o f 14 ±2 has already been subtracted
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Figure 3.6 The effect of TFu on the mutagenic response elicited by the mycotoxin 
aflatoxin Bj in the Ames test
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
El (3 jig/plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% v/v) 
served as the activation system. Results are presented as mean ± SD for triplicate 
plates. The spontaneous reversion rate o f 27 ± 1 has already been subtracted
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Figure 3.7 Mutagenic potential o f TFu in the Ames test with and without hepatic 
S9 bioactivation
The study was carried out using Salmonella typhimurium strain TA98 and TFu (500 
pg/plate). 2-Aminoanthracene (2AA) and MNNG served as positive controls (5 
pg/plate and 1 pg/plate respectively). Hepatic S9 preparations from Aroclor 1254- 
induced rats (10% v/v) served as the activation system. Results are presented as mean 
± SD for triplicate plates. The spontaneous reversion rate o f 38 ± 3 has already been 
subtracted
these conditions (Table 3.1). Concurrent incubations were carried out with TFu 
present in the activation system iu order to distinguish between the ability of TFu to 
scavenge the reactive intermediates or to inhibit microsomal bioactivation of IQ. TFu 
suppressed the mutagenic response of IQ under the latter conditions (Table 3.1).
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Figure 3.8 The effect o f TFu on the mutagenic response elicited by the direct- 
acting mutagens MNNG and 9-aminoacridine in the Ames test
The study was carried out using Salmonella typhimurium strain TA 100 and MNNG 
(1 fug/plate) and TA97 and 9-aminoacridine (50 pg/plate). Results are presented as 
mean ± SD for triplicates. The spontaneous reversion rates o f209 ± 3 and 148 ± 19 
for TA 100 and TA97 respectively, have already been subtracted
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First incubation Second incubation Histidine revertants 
(plate)
IQ Menadione 987 ± 75
IQ + TFu (lOpl) Menadione 1012 ±65
IQ + TFu (20pl) Menadione 980 ± 13
IQ + TFu (50pl) Menadione 922 ± 36
IQ + TFu (lOOpI) Menadione 404 ± 19
IQ + TFu (150pl) Menadione 268 ± 10
IQ + TFu (200pl) Menadione 186 ± 8
IQ + TFu (500pl) Menadione 19±2
IQ Menadione 1560± 161
IQ Menadione + TFu (10 pi) 1506 ±81
IQ Menadione + TFu (20 pi) 1480 ± 78
IQ Menadione + TFu (50 pi) 1574 ±51
IQ Menadione + TFu (100 pi) 1658 ± 62
IQ Menadione + TFu (150 pi) 1458 ± 70
IQ Menadione + TFu (200 pi) 1688± 100
IQ Menadione + TFu (500 pi) 1571 ±117
Table 3.1 Interaction of black tea TFu with the microsome-derived genotoxic 
species of IQ
The study was carried out using IQ [50 ngper plate], Salmonella typhimurium strain 
TA98 and hepatic microsomes (10% v/v) derived from Aroclor 1254-induced rats. 
Theafulvins were added either during the first incubation or during the second 
incubation, after microsomal metabolism had been terminated by addition o f 100 pi 
menadione [900 pM] to the activation system. The spontaneous reversion rates were 
25 ± 4. Results are presented as mean ± SD o f triplicates
3.4.4 The effect of TFu on the cytochrome P450 enzyme system
TFu were added to assays used as probes for cytochrome P450 enzyme activity to 
estabhsh whether the antimutagenic effects observed in the Ames mutagenicity test 
were due to TFu inhibiting the enzyme systems responsible for the bioactivation of 
the promutagens. TFu caused a concentration-dependent decrease in the hepatic
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microsomal 0-dealkylation of methoxy-, ethoxy-, and pentoxyresorufin in Aroclor 
1254-induced rat Uver microsomes (Figure 3.9) and in the p-hydroxylation of aniline 
in isoniazid-treated rat hver microsomes (Figure 3.10).
3.5 DISCUSSION
Cancer is one of the leading causes of human mortality in the world killing more than 
6 million people every year (Jang et aL, 1997). Despite the complexity of the disease, 
it has been reported that up to 80% of premature deaths due to cancer have a known 
cause (Weisburger, 1994). Tobacco use accounted for about 35-40% of cancer 
mortality and about the same percentage was attributed to dietary traits (Weisburger 
& Williams, 1995; Boring et aL, 1993). The nature of the disease, invasive surgical 
procedures, harsh side effects from pharmacological therapy and relatively low 
survival rates have put the focus on cancer prevention as a means of cancer control 
(Weisburger, 1994).
Research into the health benefits of black tea consumption has arisen, in part, due to 
the health benefits associated with drinking green tea (see chapter 1). The health 
benefits of black tea consumption have been reported to be similar to those of green 
tea, namely prevention of atherosclerosis and carcinogenesis. Black tea has been 
reported to have the same if not a slightly higher degree of antimutagenic activity as 
green tea (Bu-Abbas et aL, 1996; Stavric et aL, 1996; ApostoHdes et aL, 1996; 
Yamada & Tomita, 1994). In both green and black tea, polyphenols have been the 
constituents identified as the likely beneficial Component(s). However, due to 
manufacturing processes, green and black teas have markedly different polyphenohc
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Figure 3.9 Impairment o f mixedfunction oxidase activity by TFu
Studies were conducted using pooled microsomes from Aroclor 1254-induced rats.
Results reflect the average o f two determinations
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Figure 3.10 Impairment of the p-hydroxylation of aniline by TFu
Studies were conducted using pooled microsomes from isoniazid-induced rats. 
Results reflect the mean o f two determinations
profiles. Green tea contains catechin, epicatechin, epicatechin gallate, 
epigallocatechin gallate etc., whereas in black tea, these polyphenols have been 
converted to theaflavins and thearubigins due to manufacturing processes previously 
mentioned (see chapter 1).
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3.5.1 Black tea polyphenols
Commercial preparations of theaflavins (TF) and thearubigins (TR) have been shown 
to suppress the mutagenicity of promutagens in the Ames test (ApostoHdes et aL, 
1997; Weisburger et al., 1996). In the present study theafulvins were isolated fi*om 
black tea aqueous infiisions. Thearubigins were initially separated fi*om the 
theaflavins by ethyl acetate extraction. The crude the^big in  fi-action was then 
passed through a ceUulose column to remove polyphenols such as flavanols, flavonol 
glycosides and flavanol gallates (characteristic of green tea and present in varying 
amounts in black tea) and theaflavins and theaflavin gallates (characteristic of black 
tea). This isolated crude TFu fraction has been shown to be free from caffeine and to 
be low in total nitrogen (PoweU, 1995; PoweU et aL, 1995). TFu elutes as a convex 
hump from reverse phase HPLC (Figure 3.8) but can be partiaUy resolved by size 
exclusion HPLC (Clifford & Powell, 1996; CHfford et aL, 1996). The peaks obtained 
after size exclusion HPLC of TFu have different masses ranging from 900-2300 Da, 
after calibration of the column with pure neutral condensed and hydrolysable tannins. 
More recently, it has been shown that theacitrins are minor components of the TFu 
fraction isolated from black tea (Davis et aL, 1997). The precise chemical structure 
and composition of TFu is not known and samples analysed using HPLC do not 
resolve fully to produce a clear single peak. Alternatively, a characteristic ‘hump’ is 
produced and purity of TFu can be checked by the removal of flavonol glycosides, 
theacitrins and theaflavins.
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3.5.2 The effect of TFu on indirect-acting dietary model mutagens
TFu caused a concentration-dependent decrease in the mutagenic response elicited by 
indirect-acting food carcinogens such as heterocyclic amines, polycyclic aromatic 
hydrocarbons and nitrosamines. The nitrosamines nitrosopyrrolidine and 
nitrosopiperidine and the heterocyclic amines IQ (2-amino-3-methylimidazo-[4,5- 
yjquinoline) and PhlP (2-amino-l-methyl-6-phenylimidazo[4,5-ô]pyridine) were the 
most sensitive to the effects of TFu with virtually no mutagenic response being seen 
at concentrations of 0.5 mg TFu per plate. Significant antimutagenic response was 
also seen when the polycyclic aromatic hydrocarbons benzo[a]pyrene and 7,12- 
dimethylbenz[ûr]anthracene served as the model carcinogens. It can, therefore, be 
concluded that theafulvins are, at least partly, responsible for the reported 
antimutagenic effect of black tea against these promutagens (Bu-Abbas et aL, 1996).
Black tea exerts its antimutagenic activity by two distinct mechanisms. Firstly, by 
inhibition of the cytochrome P450-bioactivation of the promutagens and secondly, to 
a lesser extent, by scavenging of the reactive intermediates (Bu-Abbas et aL, 1996). 
In the present study, TFu were shown to inhibit, in a concentration-dependent 
manner, the O-dealkylations of ethoxy-, methoxy-, and pentoxyresorufin, these being 
chemical probes for the CYPlAl, CYP1A2 and CYP2B proteins of the cytochrome 
P450 monoxidase system, respectively (Namkung er aL, 1988; Lubet et aL, 1985; 
Burke & Mayer, 1974). TFu also inhibited the /^-hydroxylation of aniline, a marker of 
cytochrome P450 CYP2E1 activity (Ryan et aL, 1985). Bioactivation of the 
nitrosamines is primarily catalysed by the CYP2E1 and the CYP2B subfamilies (Shu 
& HoUenberg, 1997; Flammang et aL, 1993; Yang et aL, 1985), whereas the
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bioactivation of the heterocyclic amines is selectively catalysed by the CYPl family, 
particularly CYP1A2 (Kleman & Overvik, 1995) and that of polycyclic aromatic 
hydrocarbons by CYPlAl (Gonzalez & Gelboin, 1994; loannides & Parke, 1990). 
Rats treated with isoniazid, a potent inducer of CYP2E1 (Ryan et aL, 1985), were the 
source of the activation system employed in mutagenicity studies involving the 
nitrosamines. In the case of the polycyclic aromatic hydrocarbons and the 
heterocyclic amines the activation system was derived from rats treated with Aroclor 
1254, a potent inducer of CYPl A and CYP2B enzyme activities (Parkinson et aL, 
1983). Therefore, these studies clearly demonstrate that TFu suppress the 
mutagenicity of promutagens in vitro by their ability to decrease cytochrome P450 
activity.
3.5.3 The effect of TFu on direct-acting model mutagens
As previously discussed, a second mechanism by which TFu may exert their 
antimutagenic effect is by scavenging the reactive intermediates of carcinogens and 
hence, protecting the DNA. TFu failed to suppress the mutagenic activity of the 
direct-acting mutagen MNNG and had only a relatively weak effect on the mutagenic 
response ehcited by 9-aminoacridine, another direct-acting mutagen. Black tea itself, 
in contrast, effectively antagonised the mutagenic response displayed by 9- 
aminoacridine (Bu-Abbas et aL, 1996).
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3.5.3.1 Studies investigating the capability of TFu to scavenge the electrophilic 
intermediates o f food carcinogens
Studies were carried out to investigate the capabilities of TFu to scavenge the reactive 
intermediates of IQ by modifying the Ames test (see section 3.3.5.1). This 
modification is based on menadione interfering with the cycling of metabolic 
cofactors, specifically NADP NADPH, thus arresting cytochrome P450 
metabolism (Timbrell, 1991). Therefore, generation of reactive intermediates can be 
stopped as a result of inhibition of P450 enzyme activity. Thus, a decrease in 
mutagenic response in the Ames test, after the addition of TFu, would indicate that 
TFu antimutagenic activity was due to the scavenging of biologically reactive 
intermediates. TFu, in contrast to black tea (Bu-Abbas et ah, 1996), failed to 
scavenge the reactive intermediates of IQ in the present study (Table 3.0) suggesting 
that constituent(s) other than TFu present in black tea is/are responsible for its 
scavenging characteristics, thus supporting the findings with the two direct-acting 
mutagens MNNG and 9-aminoacridine.
3.5.4 Quantification of TFu present in black tea
Studies have shown that the mutagenicity of carcinogens such as benzo[a]pyrene, 2- 
amino-6-methyldipyrido[ 1,2-a:3 %2’-ùQ imidazole and nitrosopyrrolidine were 
completely abolished in the Ames test by black tea at a concentration of about 100 
pI/plate of a 2.5% aqueous infusion (w/v), an average strong brew of black tea (Bu- 
Abbas et aL, 1996). These investigators have shown that black tea brews vary 
markedly in composition depending on the method of brewing and to a lesser extent 
the origin of leaf used. TFu isolated from a standard black tea brew was used to
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prepare a calibration curve in order to quantify, by HPLC, the amount of TFu present 
in black tea brews. A common practice in the UK is to prepare tea by dipping a tea 
bag in about 200 ml of freshly boiled water for 60-90 seconds. After analysis by 
HPLC, this type of brew yielded 0.3 mg/ml TFu but as much as 3 mg/ml TFu was 
obtained when the tea bag was allowed to infuse for up to 10 minutes (M. N. Chfford, 
G. Harden, and E. M. Copeland, unpublished findings). In the present 
antimutagenicity studies, the minimum level of TFu was -0.03 mg/plate and the 
maximum level was -0.3 mg/plate. Therefore, at such concentrations, it is clear that 
TFu are the major contributors to the antimutagenic activity of black tea.
3.5.5 Synergistic genotoxicity of TFu with aflatoxin Bi
TFu potentiated the mutagenic response displayed by the mycotoxin aflatoxin Bi, an 
indirect-acting carcinogen, in Salmonella typhimurium TA98. TFu itself did not eUcit 
a mutagenic response either in the presence or absence of an activation system 
(Figure 3.7) and therefore, this cannot be attributed to any additive mutagenic 
response. This unexpected and peculiar response of aflatoxin Bi with TFu, has been 
reported in the presence of other phenoHcs such as the antioxidants butylated 
hydroxyanisole, butylated hydroxytoluene and, to a lesser extent, propyl gallate 
(Shelef & Chin, 1980). The mutagenic response of aflatoxin Bi in the Ames test was 
enhanced in the presence of these phenohcs in a concentration-dependent manner, the 
potentiating effect decreasing at the highest concentrations of the phenolics. The 
same picture was observed in the present studies employing TFu as the phenolic. 
There are three mechanisms that are likely to mediate the effects of TFu when tested 
against aflatoxin B% in the Ames test (these are discussed fully in chapter 4). TFu may
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influence the metabolism of aflatoxin Bi resulting in an increase in bioactivation, for 
example through inhibition of pathways of metaboHsm that lead to formation of 
inactive metabohtes, directing more metabolism towards bioactivation. TFu may 
modulate detoxification pathways responsible for the production of inactive 
intermediates and therefore leaving reactive intermediates unable to be detoxified. 
TFu, alternatively, may be directly interacting with bacterial DNA, making it more 
susceptible to the genotoxic effects of the ultimate mutagens of aflatoxin Bi.
3.6 SUMMARY
The present studies have shown that TFu isolated from black tea can suppress the 
mutagenicity of indirect-acting food carcinogens in vitro with which they are likely to 
be concurrently ingested. TFu inhibited the mutagenic responses elicited by two 
heterocyclic amines, two polycyclic aromatic hydrocarbons and two nitrosamines. 
TFu had no significant effect on the mutagenic response elicited by two direct-acting 
dietary mutagens. The mechanism of their antimutagenic activity mvolved the 
inhibition of the cytochrome P450-mediated bioactivation of the indirect-acting 
carcinogens. TFu failed to scavenge the reactive intermediates of IQ. It is concluded 
that TFu make an important contribution to the antimutagenic activity of black tea in 
vitro.
Quantifying the levels of TFu present in black tea is a difficult task for two major 
reasons. Firstly, the exact structure of TFu is as yet unknown and therefore, molecular 
weights are unavailable. Secondly, tea brews vary considerably due to brewing times
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and types and quality of tealeaf used. However, an estimation of TFu content of a 
‘standard’ black tea brew has been reported to be between 0.03-0.3 mg/ml.
One unusual and surprising result was the synergistic genotoxicity of TFu with the 
mycotoxin aflatoxin Bi. TFu was not mutagenic itself, either with or without 
bioactivation and was shown to inhibit CYP1A2 in this study (the cytochrome P450 
predominantly responsible for the bioactivation of aflatoxin Bi in the rat) 
(Guengerich et aL, 1998). The mechanisms for the synergistic effect of TFu and 
aflatoxin Bi are reported fully in section 4.
When interpreting the human significance of these results, it must be borne in mind 
that they were obtained fi*om in vitro studies utilising rat Hver as a source of 
mammalian enzymes. Therefore, the extrapolation to the human situation should be 
made with caution. For example, TFu might not be absorbed after being taken oraUy 
as part of a cup of tea, and it is imperative that pharmacokinetic studies giving data on 
absorption characteristics and bioavailability of TFu are performed. The effect of TFu 
on enzyme systems in vivo could then be investigated. Studies could be repeated 
using human Hver homogenate as a source of bioactivation. Despite the lack of data 
concerning the pharmacokinetics of black tea polyphenols, a recent study reported 
that the consumption of black tea caused an increased hippuric acid excretion in 
humans (Clifford et aL, 2000). These workers suggested that the source of the 
hippuric acid was fi'om gut microfloral metaboHsm of black tea polyphenols, 
including the thearubigins.
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Although tea brews vary considerably in polyphenolic content, as discussed 
previously (see section 1), there is another very important difference in the way 
humans consume green and black tea. Black tea is usually drunk with milk whereas 
milk is not added to green tea. Therefore, it would be pertinent to study the effects of 
milk on the antimutagenic effects of TFu and, if possible, the effects of milk on the 
absorption and excretion characteristics of TFu.
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Chapter 4_______________________ Synergistic genotoxicity of aflatoxin B, and black tea theafulvins
4.1 INTRODUCTION
Mycotoxins are naturally occurring fungal secondary metabolites that have been 
shown to have very diverse toxicological consequences in a number of animal species 
(Coulombe, 1993). Aflatoxin Bi is a potent mycotoxin produced by the fungi 
Aspergillus flavus and Aspergillus parasiticus, which are found as contaminants on 
many food commodities such as nuts, cereals, herbs and spices, alcoholic beverages, 
figs and grain (Guengerich, et al., 1998; Finoli & Ferrari, 1994; Nikander et ah, 1991). 
Aflatoxin Bi is the most toxic of all aflatoxins, with an oral LD50 for large mammals in 
the order of 10 mg/kg (Coulombe, 1993). Exposure to much smaller amounts on a 
regular basis can produce hver (Breinholt et al., 1995; Stresser et al., 1994) and 
respiratory cancer (Im et al., 1996; Liu & Massey, 1992). Approximately 25% of the 
world’s food supply is contaminated with mycotoxins annually and aflatoxin Bi is a 
human hepatocarcinogen (Coulombe, 1993; lARC, 1993).
Aflatoxin Bi requires metaboHc bioactivation by cytochrome P450, predominantly
CYP3A4 and CYP1A2 in humans, to produce the ultimate carcinogen, aflatoxin Bi-
8,9-epoxide (Guengerich et ah, 1998; Loarca-Piha et ah, 1996; Aoyama et al., 1990).
Aflatoxin Bi-8,9-epoxide binds readily to nucleophilic centres in many cellular
macromolecules such as proteins and the N-1 of guanine in DNA (Figure 4.1)
(Groopman et al., 1996). In the rat, it is predominantly CYP1A2 and CYP2B1 which
are responsible for the production of aflatoxin Bi-8,9-epoxide. However, both
CYP1A2 and CYP2B1 are also capable of producing aflatoxins Mi and Qi
respectively (Figure 4.1) (Guengerich et al., 1998; Haber-Mignard et al., 1996; Liu &
Massey, 1992). The production of aflatoxins Mi and Qi is regarded as an inactivation
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process because these products are generally poor substrates for epoxidation or, after 
epoxidation, they do not bind to DNA (Guengerich et aL, 1996).
It is not only cytochrome P450 isoenzymes which can activate aflatoxin Bi. 
Lipoxygenases have been shown to activate aflatoxin Bi as exemphfled by the 
formation of aflatoxin Bi-DNA adducts as an end point. Liu & Massey (1992) used 
purified soybean lipoxygenase and guinea pig tissue cytosohc Hpoxygenase to 
produce aflatoxin Bi-DNA adducts. These investigators showed that soybean 
lipoxygenase activation of aflatoxin Bi was dependent on the addition of arachidonic 
acid as a co-factor. However, Woodall et aL (1999) reported that they were unable to 
obtain a mutagenic response utilising aflatoxin Bi as the model mutagen and rat liver 
cytosol (lipoxygenase being a cytosolic enzyme) as an activation system in the Ames 
test. These authors did not, however, add arachidonic acid to the activation system.
Detoxification of aflatoxin Bi-8,9-epoxide occurs by hydrolysis which may be 
catalysed by epoxide hydrolases, and glutathione conjugation catalysed by the 
glutathione ^'-transferases (Guengerich et aL, 1998; Haber-Mignard et aL, 1996; 
Coulombe, 1993). Induction of the CYPl A and CYP3A sub-families led to a 
decreased production of aflatoxin Bi-8,9-epoxide and an increased production of 
aflatoxins Mi and Qi in a study by Haber-Mignard et aL, (1996). However, in this 
study it was also reported that epoxide hydrolase and the glutathione ^'-transferase 
family of isoenzymes were induced and, therefore, there was an increase in the 
ehmination of aflatoxin Bi-8,9-epoxide by catalysing aflatoxin Bi-dihydrodiol and 
glutathione conjugate formation respectively (Haber-Mignard et aL, 1996).
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Due to aflatoxin Bi being an indirect-acting carcinogen, much of the scientific 
research on aflatoxin B% is concerned with the modulation of enzyme systems 
responsible for its activation and/or detoxification (Goeger et aL, 1999; Guengerich et 
aL, 1998; Guengerich et aL, 1996; Haber-Mignard et aL, 1996; Guerre et aL, 1996; 
Stresser et aL, 1994; Ma et aL, 1991; Fong et aL, 1990; Rosin & Stich, 1980). Tea 
polyphenols, including thearubigins, (+)catechin, (-)epicatechin and their 
corresponding gallates, were tested in the Ames test against a number of genotoxic 
carcinogens including aflatoxin B%. In all cases, the polyphenols decreased the 
mutagenic response of the model mutagens. Although mechanisms for these effects 
were not investigated, the authors suggested that “the action most likely reflects an 
effect of the tea polyphenols on the metabolic activation of the carcinogens” 
(Weisburger et aL, 1996).
Modulation of enzyme systems responsible for the bioactivation of aflatoxin Bi is not 
the only hypothesis suggested for the antimutagenic effects of naturaUy-occuring 
compounds in the Âmes assay against this model mutagen. Ellagic acid, a dietary 
phenolic antioxidant present in foods such as strawberries, raspberries, grapes, black 
currants and walnuts, was found to protect Salmonella typhimurium bacteria against 
the mutagenic effects of aflatoxin Bi (Loarca-Pina et aL, 1996). These workers 
suggested the underlying mechanism to be formation of a chemical complex between 
ellagic acid and aflatoxin Bi and, hence, limiting the bioavailability of aflatoxin Bi. 
However, they also suggested that there may be an interaction between ellagic acid 
and the bacterial DNA, a mechanism also reported by Ayrton et aL (1992) to explain
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the antimutagenicity of ellagic acid towards another potent food mutagen, IQ, in the 
Ames test. Dietary chlorophyllin has also been shown to be a potent inhibitor of 
aflatoxin Bi hepatocarcinogenesis in rainbow trout using aflatoxin Bi-DNA adducts 
as an end point (Breinholt et aL, 1995). The mechanism responsible for this effect 
was also reported to be complex formation between chlorphyllin and aflatoxin Bi 
thus impeding absorption of the carcinogen (Breinholt et aL, 1995).
An increase in mutagenic response, utihsing aflatoxin Bi as the model mutagen, was 
reported by Shelef & Chin (1980), after investigating the safety of dietary phenohc 
antioxidants using the Ames test. These authors reported that 3,5 -di-tert-butyl-4- 
hydroxytoluene (BHT), 2(3)-tert-butyl-4-hydroxyanisole (BHA) and to a lesser extent 
3,4,5-trihydroxybenzoic acid propyl ester (propyl gallate) aft potentiated the 
mutagenic response elicited by aflatoxin Bi. None of the three phenols themselves 
were mutagenic either with or without hepatic S9 bioactivation. These authors did not 
address the underlying mechanisms responsible for these observations. In contrast to 
this study. Rosin & Stich (1980), reported that propyl gallate decreased the mutagenic 
response elicited by aflatoxin Bi in the Ames test. The concentrations of propyl 
gallate used in this study were 50-100 times higher than those used by Shelef & Chin 
(1980), and therefore, may account for the differing outcomes. Again, these authors 
did not investigate the underlying mechanisms responsible for these observations.
Similarly^ (see chapter 3) it has been shown that black tea theafulvins (TFu), 
potentiated, in a concentration-dependent manner, the mutagenic response elicited by 
aflatoxin Bi (Fig. 3.6). This was an unexpected result because in the same study TFu
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decreased the mutagenic activity of a number of dietary carcinogens such as the 
polycyclic aromatic hydrocarbons benzo[a]pyrene and 7,12- 
dimethylbenz[<2]anthracene, the heterocyclic amines IQ and PhIP, and the 
nitrosamines nitrosopyrrolidine and nitrosopiperidine. Inhibition of cytochrome P450 
was identified as the mechanism for the observed antimutagenic effects. Interestingly, 
CYP1A2 was shown to be inhibited by TFu, the same cytochrome P450 iso form 
responsible for the bioactivation of aflatoxin Bi to aflatoxin Bi-8,9-epoxide.
The effect of TFu on the mutagenic response elicited by aflatoxin Bi in the Ames 
assay (section 3.4.1) is a synergistic effect. A toxic response is known as synergistic 
when the overall toxic effect following exposure to two toxic compounds is greater 
than the sum of the individual responses (Timbrell, 1991). Similar synergistic effects 
have been reported previously after mutagenic evaluation of various compounds 
(Wagner et aL, 1997; Gichner et aL, 1996; Matsumoto et aL, 1977; Hayashi et aL, 
1977).
Paraoxon (diethyl-/?-nitrophenylphosphate) is a non-mutagenic metaboHte of the 
organophosphorus insecticide parathion. Although itself a non-mutagen, paraoxon 
displayed synergistic genotoxicity in the Ames assay when it was incubated with 
either mammalian or plant-activated aromatic amines and Salmonella typhimurium 
bacteria (Wagner et aL, 1997; Gichner et aL, 1996). These investigators reported that 
the synergistic effects observed were not due to the generation of new mutagenic 
products or the modification of the stability of metaboHcally generated reactive 
intermediates.
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Similar synergistic genotoxicity has been reported in studies aimed at evaluating the 
mutagenic potential of p-carbolines and indole derivatives (Matsumoto et aL, 1977; 
Hayashi et aL, 1977). The non-mutagens harman, indole and skatole, potentiated the 
mutagenic response elicited by eight estabUshed model mutagens in Salmonella 
typhimurium strain TA98 (Matsumoto et aL, 1977). Subsequent investigations 
showed that the P-caibolines displayed synergism by intercalating with DNA, 
increasing the susceptibility of DNA to damage by metaboHcally generated reactive 
intermediates (Hayashi et aL, 1977).
Thus, a number of mechanisms may contribute to the theafulvin-mediated increase in 
aflatoxin Bi mutagenicity. Theafulvins may; (a) potentiate the activity of the 
cytochrome P450 enzymes catalysing the activation of the mycotoxin through 
epoxidation; (b) impair the metaboHsm of aflatoxin Bi through deactivation pathways 
thus pushing more of the metaboHsm towards activation; (c) interact with aflatoxin Bi
8,9-epoxide to form a more mutagenic complex, (d) inhibit detoxification enzyme 
systems such as epoxide hydrolase and/or glutathione ^-transferase, and (e) facilitate 
the passage of the epoxide into the bacterial cell or interact with the DNA in such a 
way as to facilitate the covalent binding of the epoxide to DNA.
Due to the potency of aflatoxin Bi and the potential for humans in all parts of the 
world to be exposed, research involving aflatoxin Bi has been extensive. Many 
studies have shown that modulation of enzyme systems was the mechanism 
responsible for the antimutagenic effects of test compounds against aflatoxin Bi in 
the Ames assay. Relatively few studies, however, have reported a genotoxic
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synergism with aflatoxin Bi, The studies that have reported this synergism, however, 
did not investigate the underlying mechanism(s). The present study, therefore, 
investigates the mechanism(s) for the synergistic mutagenic effect of aflatoxin Bi and 
theafiilvins, isolated fi'om black tea, in the Ames test.
4.2 MATERIALS AND METHODS
TFu was isolated and characterised as described in section 3.3.2. All other methods 
used were as described in section 3.3 and section 2.2 unless stated.
4.2.1 The capability of TFu to scavenge reactive intermediates of 
aflatoxin Bi
Studies were carried out to establish whether TFu exert their synergistic effects by 
interacting with the electrophilic intermediates of aflatoxin Bi. The Ames procedure 
was modified: initially, the bacteria, carcinogen and activation system were 
preincubated for 20 min in a shaking waterbath at 37 % . Microsomal metabolism 
was terminated by the addition of 100 pi menadione (900 pM), and a second 20- 
minute preincubation (20 minutes being sufficient time for one rephcation cycle in 
bacteria) was carried out in the presence of TFu. Top agar was added and the mixture 
was poured onto minimal agar plates that were incubated for 48 hr at 37 to allow 
revertants to develop into colonies.
4.2.2 Culturing of bacterial tester strain in the presence of TFu
Fresh bacterial cultures were prepared as described in section 2.2.2.4. In studies 
investigating the direct interaction of TFu on bacterial DNA, the nutrient broth was
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supplemented with 178.5 pg of TFu per ml of nutrient broth, before inoculation. The 
quantity of TFu used to supplement the nutrient broth in this study was based on the 
highest concentration of TFu in the Ames test being 500 pg in 2.8 ml, therefore, 
yielding 178.5 pg of TFu per ml. Inoculated nutrient broth was then incubated as 
described previously. At the end of the incubation period, the bacteria were 
precipitated by centrifugation at 3,500 g for 5 min using a Beckman J2-21 centrifuge. 
The nutrient broth containing TFu was carefiilly discarded and the bacteria 
resuspended in 10 ml of fresh nutrient broth. This procedure was repeated a further 
two times. Bacterial cultures prepared in the absence of TFu were carried through the 
same procedure and tests performed in parallel for comparison.
The viability of the bacterial cultures was checked prior to use in the Ames assay. 
Bacterial viability was found to be the same order of magnitude for Salmonella 
typhimurium grown in the presence and absence of the polyphenol and when 
compared to bacteria not taken through this procedure. The viability was 
approximately 1x10^ bacterial cells per ml.
4.2.3 The ability of TFu and TF to modulate xenobiotic-metabolising 
enzyme systems in vivo
4.2.3.1 Animal pretreatment
Male Wistar albino rats, specific pathogen free (SPF), 150-180 g, (B & K Universal 
Ltd., Hull UK), were used in all studies. The animals were kept in controlled 
conditions as described previously (section 2.2.1) and housed in three separate groups 
of five. Animals were given free access to water and a low polyphenol content diet
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(CIO diet) (B & K Universal Ltd., Hull, UK). An acclimatization period of one week 
was allowed before dosing commenced.
4.2.3.2 Animal dosing regimens
Animals were dosed daily by intragastric gavage with TFu, TF or reverse osmosis 
(RO) water. Both TFu and TF were dissolved in RO water. The dose was calculated 
to represent an intake of TFu and TF equivalent to that received from approximately 
six strong cups of tea per day for a 70 kg human. The dose was then scaled down to 
the weight of the animals. TFu was given at a dose of 2.0 mg/kg and TF given at 20.0 
mg/kg body weight. Animals were dosed for five consecutive days followed by 2 
days without treatment. This regimen was continued for 28 days. At the end of the 
study, animals were sacrificed by cervical dislocation and livers immediately excised 
and treated as described in section 2.2.1.3.
4.3 RESULTS
4.3.1 The effect of TFu on the mutagenicity pf the model mutagen 
aflatoxin Bi
TFu at concentrations above 50 pg/plate potentiated the mutagenicity of the 
mycotoxin aflatoxin Bi in the Ames assay (Figure 3.6). This enhanced mutagenic 
response reached a plateau at TFu concentrations of 150 pg/plate and then started to 
decrease, but did not return to control levels. The TFu fraction itself did not ehcit a 
mutagenic response either in the presence or absence of an activation system (Figure 
3.7). The mutagenic response to aflatoxin Bi enhanced by TFu was independent of 
aflatoxin Bi concentration (Figure 4.2). The potentiation of aflatoxin Bi mutagenicity
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appears to be dependent on TFu concentration, with the exception of the lowest 
aflatoxin Bi concentration used (i.e. 1 pg per plate). The increase in the mutagenicity 
of the mycotoxin was higher in the presence of 200 pg per plate concentration of TFu 
compared with 50 pg per plate (Figure 4.2). All results were reproduced at least twice 
on separate occasions under identical conditions.
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Figure 4.2 Influence of aflatoxin Bj concentration on the synergistic effect of TFu
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
Bi (1-5 fj.g per plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% 
v/v) served as the activation system. Mutagenicity was determined in the absence and 
presence (50 pg or 200 pg per plate) o f TFu. Results are presented as mean ± SD for 
triplicate plates. The spontaneous reversion rate o f 50 ± 9 has already been 
subtracted.
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4.3.2 Effect of bacterial exposure to TFu on the mutagenicity of 
aflatoxin Bi
Salmonella typhimurium bacteria were cultured in the presence of TFu, as described 
in section 4.3.2, in order to investigate the possibility that TFu was having a direct 
effect on bacterial DNA, which rendered it more sensitive to aflatoxin Bi 
mutagenicity. Aflatoxin Bi elicited a concentration-dependent mutagenic response in 
both bacteria pre-exposed to TFu and those grown in the absence of these 
polyphenols. The mutagenic response was much more pronounced when using 
bacteria that had been cultured in the presence of TFu (Figure 4.3).
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Figure 4,3 Mutagenic response elicited by aflatoxin Bi in bacteria cultured in the 
presence and absence of TFu
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
Bi (1-5 jug per plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% 
v/v) served as the activation system. Results are presented as mean ± SD for triplicate 
plates. The spontaneous reversion rate o f 37 ± 5  has already been subtracted.
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Further studies were carried out to investigate whether the addition of TFu in vitro, to 
the activation system, was modified by prior exposure of the bacteria to TFu. As 
before, TFu potentiated the mutagenicity of aflatoxin Bi using the bacteria not 
cultured in TFu (Figure 4.4, chart A). The mutagenic response elicited by aflatoxin Bi 
was also increased by the addition of TFu in vitro using bacteria pre-exposed to TFu, 
however, in the latter study the increase was much less pronounced (Figure 4.4, chart
B). The viability of the bacteria was not influenced by the presence of TFu in the 
nutrient broth during growth or by the subsequent processing to remove the 
polyphenols from the bacterial culture.
4.3.3 Bioactivation of aflatoxin Bi by hepatic microsomes and cytosol
43.3,1 Bioactivation of aflatoxin Bi by rat hepatic S9
In order to elucidate further the mechanism of TFu in potentiating the mutagenicity of 
aflatoxin Bi, studies were carried out to assess the effect of TFu on the microsomal 
bioactivation of the mycotoxin and the role of the cytosol. Initially, the effect of S9 
concentration on the mutagenicity of aflatoxin Bi in the presence of TFu was 
investigated. The activation system comprised either 4%, 10% or 25% hepatic S9 in 
studies aimed at evaluating whether the strength of the activation system influenced 
the synergism of aflatoxin Bi and TFu. When the activation system contained 4% S9, 
TFu failed to potentiate the mutagenicity of aflatoxin Bi (Figure 4.5, chart A). With a 
10% S9 activation system, the expected synergism was observed (Figure 4.5, chart 
A). With an activation system containing 25% S9, TFu potentiated the mutagenicity
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Figure 4,4 Mutagenic synergism between aflatoxin Bi and TFu in bacteria 
cultured in the presence o f TFu (Chart B) or absence of TFu (Chart A)
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
Bi (1-5 pg per plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% 
v/v) served as the activation system. Results are presented as mean ± SD for triplicate 
plates. The spontaneous reversion rate of 37 ± 5 has already been subtracted. The 
concentration of TFu added in vitro was 200 pg/plate.
110
Chapter 4_______________________ Synergistic genotoxicitv of aflatoxin and black tea theafiilvins
of aflatoxin Bi, modestly, but only at the highest TFu concentration (500 pg/plate) 
tested (Figure 4.5, chart A).
4.3.3.2 Bioactivation of aflatoxin Bi by rat hepatic microsomes
Similar studies as above were carried out, but replacing S9 with isolated microsomes. 
The synergistic mutagenic effect between TFu and aflatoxin Bi, observed previously 
with S9 activation, was not reproduced when isolated microsomes served as the 
system for bioactivation (Figure 4.5, Chart B).
4.3.3.3 Bioactivation of aflatoxin Bi by hepatic cytosol: role of lipoxygenase
Rat hepatic cytosol was used as the activation system in studies investigating the 
possible bioactivation of aflatoxin Bi by lipoxygenase. Although there was an 
increase in the number of revertant colonies, this number was only just twice that of 
the spontaneous reversion rate even at the highest aflatoxin B% concentration used (3 
pg/plate) (Figure 4.6). In order to ascertain the role of lipoxygenase in the cytosol- 
mediated mutagenicity of aflatoxin Bi, the study was repeated using the hpoxygenase 
inhibitor, nordihydroguiaretic acid (20 nM) in the activation system. Because of the 
small increase in revertant colonies, it was not possible to produce consistent results 
demonstrating a statistically significant effect for lipoxygenase in the bioactivation of 
aflatoxin Bi.
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Figure 4,5 Importance o f strength of activation system in the mutagenic synergism 
between aflatoxin Bj and TFu
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
Bi (3 fig/plate) in the presence o f activation systems (4-25%, v/v) containing S9 
(Chart A) or microsomes (Chart B). Results are presented as mean ± SD for triplicate 
plates. The spontaneous reversion rates o f 29 ^  3 and 23 ± 5 respectively have 
already been subtracted.
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Figure 4,6 Mutagenic response of aflatoxin Bj using hepatic cytosol as the 
activation system in the Ames test
The study was carried out using Salmonella typhimurium strain TA98 and aflatoxin 
Bi (0.25-3 mg per plate). Hepatic cytosolic preparations from Aroclor 1254-induced 
rats (10% v/v) served as the activation system. The activation system was 
supplemented with arachidonic acid (50 pM). Results are presented as mean ± SD for 
triplicate plates. The spontaneous reversion rate was 34 ± 3 and has already been 
subtracted.
4.3.4 The capability of TFu to scavenge reactive intermediates of 
aflatoxin Bi
Studies were carried out to establish whether TFu exerted the synergistic effects by 
modulating the bioactivation of aflatoxin Bi or by a subsequent interaction with the 
electrophilic metabolites of aflatoxin Bi. The Ames procedure was modified as
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described in section 4.3.1. TFu inhibited the mutagenicity of aflatoxin Bi whether it 
was added to the activation system before or after microsomal metabolism was 
suppressed by the addition of menadione (Figure 4.7).
When 10% S9 activation systems were utilised, as expected, TFu added at the 
beginning of the incubation potentiated the mutagenicity of aflatoxin B%. However, 
with 10% S9 and TFu added at the end of the incubation, the mutagenicity of 
aflatoxin Bi was decreased (Figure 4.7 Chart A). TFu did not modulate the mutagenic 
response of aflatoxin Bi when added after the incubation period when a 25% (v/v) S9 
activation system was employed. In contrast, when TFu was added to the activation 
system, 25% S9 (v/v), before the incubation period, the mutagenicity of aflatoxin Bi 
was increased slightly, but only at the highest TFu concentration used (Figure 4.7, 
Chart B).
4.3.5 Effect of TFu on epoxide hydrolase activity in vitro
Epoxide hydrolase activity decreased following the addition of TFu in a concentration 
dependent manner. Epoxide hydrolase activity was completely inhibited by TFu at a 
concentration of 500 pg/incubation (Figure 4.8).
4.3.6 Effect of TFu on glutathione S-transferase activity in vitro
Studies were carried out to investigate the effect of TFu on glutathione «S-transferase 
activity. When CDNB was used as the substrate, TFu inhibited glutathione S- 
transferase in a concentration dependent manner. Glutathione «S-transferase activity
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Figure 4.7 The capability of TFu to scavenge reactive intermediates o f aflatoxin Bi 
in the presence of 10% or 25% (v/v) S9 activation systems
Studies were carried out Salmonella typhimurium strain TA98 and aflatoxin Bj 
(3 pg/plate). Hepatic S9 (10% and 25% [v/v], charts A and B respectively) 
preparations from Aroclor 1254-induced rats served as the activation systems. TFu 
(50 pg or 200 pg/plate) was added either before incubation (Line A) or after 
cytochrome P450 had been arrested by the addition o f menadione (900 pM) (Line B). 
Results are presented as mean ± SD for triplicate plates. The spontaneous reversion 
o f 22 ± 6  has already been subtracted.
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Figure 4.8 Inhibition of epoxide hydrolase activity by TFu in vitro
Studies were conducted using pooled microsomes from Aroclor 1254-induced rats. 
Enzyme activity was monitored using benzo[di]pyrene-4,5-epoxide (2mM in 
acetonitrile) as the substrate. Results reflect the average o f two determinations
was almost completely inhibited when 75 pg of TFu was added to the incubation 
system (Figure 4.9, Chart A). TFu also inhibited glutathione ^'-transferase activity 
when DCNB was used as the substrate but only at TFu concentrations of 250-500 pg 
per incubation (Figure 4.9, Chart B).
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Figure 4.9 The effect of TFu on glutathione ^transferase activity
Studies were conducted using pooled cytosol isolated from Aroclor 1254-induced 
rats. Results reflect the average o f two determinations. Two substrates were used, 
CDNB (Chart A) and DCNB (Chart B)
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4.3.7 Effect of TFu and TF on rat hepatic xenobiotic-metaboHsing 
enzyme systems
4.3.7.1 Effect o f TFu and TF on phase I  rat hepatic xenobiOtic-metabolising 
enzyme systems
The effect of TFu and TF administration (section 4.3.3) on hepatic xenobiotic- 
metabolisiag enzyme activities was evaluated. All results were compared to controls, 
which were rats that received the dosing vehicle only.
4.3.7.1.1 Effect of TFu and TF on rat hepatic erythromycin A-demethylase activity
The déméthylation of erythromycin was followed by measuring the formation of 
formaldehyde. There was no significant difference in erythromycin A-demethylase 
activity between control hepatic microsomes and hepatic microsomal preparations 
from the TFu and TF treated groups (Figure 4.10, chart A).
4.3.7.1.2 Effect of TFu and TF on rat hepatic /7-nitrophenol hydroxylase activity
The hydroxylation of /7-nitrophenol was followed by measuring the formation of 
nitrocatechol. There was no significant difference in /7-nitrophenol hydroxylase 
activity between control hepatic microsomes and hepatic microsomal preparations 
from the TFu and TF treated groups (Figure 4.10, chart B).
4.3.7.1.3 Effect of TFu and TF on rat hepatic NADPH-dependent cytochrome c 
reductase activity
The reduction of cytochrome c was measured. There was no significant difference in
NADPH cytochrome c reductase activity between control hepatic microsomes and
118
Chapter 4_______________________ Synergistic genotoxicitv of aflatoxin and black tea theafulvins
hepatic microsomes isolated from the TFu and TF treated groups (Figure 4.10, chart
C).
4.3.7.1.4 Effect of TFu and TF on rat hepatic total cytochrome P450 content
There was no significant difference in total cytochrome P450 content between control 
and TFu and TF treated groups (Figure 4.10, chart D).
4.3.7.1.5 Effect of TFu and TF on rat hepatic ethoxyresorufin O-deethylase activity
The O-dealkylation of ethoxyresorufin was followed by measuring the production of 
resorufin. There was no significant difference in ethoxyresorufin O-deethylase 
activity between the control and polyphenol treated animals (Figure 4.10, chart E).
4.3.7.1.6 Effect of TFu and TF on rat hepatic methoxyresorufin O-demethylase 
activity
The O-dealkylation of methoxyresorufin was followed by measuring the production 
of resorufin. Neither TFu nor TF treatment modulated the generation of resorufin 
from methoxyresorufin (Figure 4.10, chart F).
4.3.7.1.7 Effect of TFu and TF on rat hepatic pentoxyresorufin O-depentylase activity
The O-dealkylation of pentoxyresorufin was followed by measuring the production of 
resorufin. There was no significant difference in pentoxyresorufin O-depentylase 
activity between control and TFu or TF treated groups (Figure 4.10, chart, G).
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4.3.7.1.8 Effect of TFu and TF on rat hepatic lauric acid hydroxylase activity
The total (©-)- and (m-1 )-hydroxylation of lauric acid was determined . There was no 
significant difference in lauric acid hydroxylase activity between control hepatic 
microsomes and hepatic microsomes isolated from the TFu and TF treated groups 
(Figure 4.10, chart H).
4.3.7.1.9 Effect of TFii and TF on epoxide hydrolase activity in rat liver
Epoxide hydrolase activity was determined by measuring the hydrolysis of 
benzo[a]pyrene-4,5-epoxide to its corresponding dihydrodiol. Treatment of rats with 
either TF or TFu failed to modulate this activity in the hver (Figure 4.10, chart I).
1.6
i “
?  B 0.8
II
0.4
04 -
Chart A
0.03
CJ
I  ^^ B 0.02
I -
I I  0.01 
I -
Control TFu
Test group
Chart C
Control TFu TF
Test group
1.2
§
2 0.4
Chart B
1 1
0.8
0.6
S  0.4§  S
PM  CO
H 0.2
Control TFu TF
Test group
Chart D
Control TFu TF
Test group
120
Chapter 4 Synergistic genotoxicitv of aflatoxin and black tea theafiilvins
Chart E Chart F
'S'
5 •
1 1
4 *
A a
s
3 •
o ^
2 •
^  B &
1 • 
0 •
i!A S
B 3
1.5
1.2
0.9
0.6
2.5
I f
If
73 'ot
1.5
Control TFu
Test group
Chart G
I
0.5
Control TFu
Test group
Chart I
i l ‘
I I  <
I I *
&
0
*
Control TFu
Test group
Chart H
TF
If
I
S 2
Control TFu
Test group
KEY
Chart Assay
A Erythromycin N demethyl ase
B p-Nitrophenol hydroxylase
C NADPH-cytochrom c reductase
D Cytochrome P450 content
E Ethoxyresorufin 0  -deethylase
F Methoxyresorufin O -demethylase
G Pentoxyresorufin 0  -depentylase
H Epoxide hydrolase
I Lauric acid hydroxylase
Control TFu TF
Test group
Figure 4.10 Effect of treating rats with TFu or TF on phase I  hepatic xenobiotic- 
metabolising enzyme systems
Studies were conducted using hepatic microsomes (25% w/v) isolated from rats 
treated with TFu or TF. Results are presented as mean ± standard deviation for five 
animalsi
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4.3.7,2 Effect of TFu and TF treatment on phase II rat hepatic xenobiotic- 
metabolising enzyme systems
4.3.7.2.1 Effect of TFu and TF on hepatic UDP-glucuronosyl transferase activity in 
rats
UDP-glucuronosyl activity was determined by measuring the production of 2- 
aminophenol glucuronide. There was no significant difference in UDP-glucuronosyl 
transferase activity between control and the TFu or TF treated groups (Figure 4.11, 
chart A).
4.3.7.2.2 Rat hepatic sulphotransferase activity following treatment with TFu or TF
Sulphotransferase activity was determined employing 2-naphthol as the accepting 
substrate. Rat hepatic cytosoUc sulphotransferase activity was unaffected by 
treatment with either TFu or TF (Figure 4.11, chart B).
4.3.7.2.3 Effect of TFu and TF on glutathione 5-transferase activity
Two substrates were used to measure glutathione 5-transferase activity, namely 
DCNB and CDNB. In both cases, there was no significant difference in cytosoHc 
glutathione 5-transferase activity between control and the TFu or TF treated groups 
(Figure 4.11, chart C).
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Figure 4.11 Effect of treating rats with TFu or TF on phase 11 hepatic xenobiotic- 
metabolising enzyme systems
Studies were conducted using hepatic microsomes (25% w/v) for UDP-glucuronosyl 
transferase, hepatic cytosol (25% w/v) for sulphotransferase or hepatic cytosol (5% 
w/v with DCNB as the substrate and 0.25% w/v with CDNB as the substrate) for 
glutathione S-transferase isolated from rats treated with TFu or TF. Results are 
presented as mean ± standard deviation for five animals
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4.4 DISCUSSION
Studies aimed at identifying the precise components present in black tea responsible 
for its antimutagenic activity focussed on the polyphenohc fraction including the 
theafulvins (TFu). The precise composition of the TFu fraction has not yet been fully 
defined, however, it is known that it is free from caffeine, green tea polyphenols and 
it is low in total nitrogen (Powell, 1995; Powell et al., 1995; Bailey et al., 1992). The 
antimutagenic activity of TFu was investigated using the Ames mutagenicity assay 
and a number of known dietary mutagens with which they are likely to be 
concurrently ingested (chapter 3). TFu decreased the mutagenicity elicited by two 
polycyclic hydrocarbons, two aromatic amines and two nitrosamines but in contrast, 
had no significant effect on the mutagenicity elicited by two direct-acting model 
mutagens. It was shown that TFu decreased the mutagenic response of the model 
mutagens by inhibition of the cytochrome P450 isoenzymes responsible for their 
bioactivation.
Unexpectedly, TFu potentiated the mutagenicity elicited by the mycotoxin aflatoxin 
Bi. Aroclor 1254-induced rat Hver S9 served as the activation system in these studies 
and therefore, it is the cytochrome P450, specificaUy CYP1A2, which is responsible 
for the generation of the mutagenic metaboHte of aflatoxin Bi, namely aflatoxin Bi
8,9-epoxide (Guengerich et al., 1998; Loarca-Pina et al., 1996; GaUagher et al., 1994; 
Aoyama et al., 1990). TFu was shown to inhibit the O-dealkylation of 
methoxyresorufin, which is used as a marker for CYP1A2 activity (Namkung et ah, 
1988). Therefore, the mutagenic response ehcited by aflatoxin Bi would be expected
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to decrease after the addition of TFu due to a decrease in bioactivation. This was not 
the case and a number of mechanisms were considered in examining the synergistic 
effects of aflatoxin Bi and TFu.
A genotoxic synergism with aflatoxin Bi has already been reported with other 
polyphenohc compounds, namely BHT, BHA and propyl gaUate in the Ames 
mutagenicity assay (Shelef & Chin, 1980). These authors speculated that an 
interaction between the polyphenohc antioxidants and the mutagen or induction of 
enzyme systems involved in the metabohsm of aflatoxin Bi may be responsible for 
the enhanced mutagenic activity of the mycotoxin, but no experimental verification 
was sought. In contrast to these findings, other investigators (Rosin & Stich, 1980) 
reported that one of these polyphenohcs, propyl gallate, in fact, decreased the 
mutagenicity of the mycotoxin in their studies. These investigators suggested that the 
likely mechanism was inhibition of cytochrome P450 but again, the mechanism(s) 
were not investigated. For these reasons it was deemed pertinent to investigate the 
mechanism for the synergistic effects of TFu and aflatoxin B%.
4.4.1 The synergistic effect of TFu on the mutagenicity of aflatoxin
Incorporation of black tea TFu (up to a concentration of 50 pg/plate) to the activation 
system has been shown previously to have a small effect on the mutagenic activity of 
aflatoxin Bi, but at higher concentrations an increase in the mutagenic response was 
evident (Figure 3.6). The enhanced mutagenicity decreased at the highest TFu 
concentration tested but was still higher than that observed with aflatoxin Bi on its
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own. The TFu fraction was not mutagenic either with or without metabohc 
bioactivation (Figure 3.7).
Aflatoxin Bi is bio activated by CYP1A2 in the rat and therefore, S9 prepared from 
rats pretreated with Aroclor 1254, a CYP1A2 inducer (Parkinson et al., 1983), served 
as the activation system. The reactive intermediate, aflatoxin B% 8,9-epoxide, binds to 
the N-7 guanine of DNA (Figure 4.1) (Groopman et al., 1996). TFu has been shown 
to inhibit CYP1A2 in vitro (section 3.4.3) and therefore, a decrease in mutagenic 
response with increased addition of TFu might be expected due to a decreased 
production of aflatoxin Bi 8,9-epoxide. Surprisingly, however, not only did TFu fail 
to suppress the mutagenic activity of aflatoxin Bi but in fact led to a marked 
potentiation. A number of feasible mechanisms, already outlined, have been 
investigated.
4.4.2 Direct effect of TFu on Salmonella typhimurium bacteria
TFu could have a direct effect on the Salmonella typhimurium bacteria used in the 
Ames mutagenicity assay, either by facilitating the passage of aflatoxiu Bi 8,9- 
epoxide into the bacterial cell or by a direct interaction with the bacterial DNA in 
such a way as to facilitate the covalent binding of the epoxide to DNA. In studies 
aimed at evaluating the mutagenic/antimutagenic potential of another dietary 
polyphenol, ellagic acid, aflatoxin Bi served as the model mutagen in the Ames assay 
(Loarca-Pina et al., 1996). These workers suggested that the antimutagenic effects of 
ellagic acid on aflatoxin Bi could be due to either a formation of a chemical complex 
between ellagic acid and aflatoxin Bi or that there may be an interaction between
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ellagic acid and the bacterial DNA. The latter mechanism was also suggested for the 
antimutagenic effects of ellagic acid when tested in the Ames test against another 
potent food mutagen, IQ (Ayrton et ah, 1992).
In order to test the hypothesis that TFu displays the synergistic effect with aflatoxin 
Bi as a result of a direct interaction with the bacteria. Salmonella typhimurium were 
grown in nutrient broth supplemented with TFu, as described in section 4.3.2. 
Mutagenic activity was assayed as before using bacteria pretreated with TFu, but 
from which the TFu were removed prior to use by repeated washing, and bacteria not 
pretreated with TFu. Aflatoxin Bi induced a concentration-dependent mutagenic 
response in both the bacteria pre-exposed to TFu and those that were grown in the 
absence of these polyphenohcs. However, the mutagenic response was much more 
pronounced when the bacteria were pre-exposed to TFu suggesting that TFu were 
having a direct effect on the bacteria, and the presence of TFu in the activation 
system was not indispensable for the synergism to be monitored.
Additional confirmation was sought by studies carried out to investigate whether the 
effect of in vitro addition of TFu to the activation system was modified by prior 
exposure of the bacteria to TFu. In untreated bacteria, in vitro addition of TFu, as 
expected, potentiated the mutagenic activity of aflatoxin Bi, but in bacteria pre­
exposed to TFu, the effect of in vitro addition of theafiilvins was much less 
pronounced. Previous studies using ellagic acid, have suggested that the polyphenohc 
may influence the mutagenic response by interacting with DNA to alter the 
availability of binding sites for the interaction with the ultimate carcinogen (Ayrton et
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al., 1992; Teel, 1986). In the present study the mutagenic response was significantly 
higher in bacteria previously exposed to TFu. Moreover, in support of this 
hypothesis, addition of TFu to the activation system did not show the expected 
stimulation of the mutagenicity of aflatoxin Bi if the bacteria were already exposed to 
TFu.
It is also conceivable that treatment of bacteria with TFu may facilitate the transport 
of aflatoxin Bi 8,9-epoxide within the bacterial cell, giving rise to a more marked 
mutagenic response, masking any reduction on the overall levels of the epoxide as a 
result of CYP1A2 inhibition. The passage of the epoxide into the bacterial cell, 
however, is likely to occur by passive diffusion, and it is difficult to envisage how 
TFu can influence this process. Moreover, it could be argued that if such a 
mechanism prevailed, then TFu would be expected to facilitate the transport of other 
epoxides, such as those of the polycyclic aromatic hydrocarbons, thus enhancing their 
mutagenicity, which is in contrast to the experimental evidence where a decrease in 
mutagenic response was observed (chapter 3).
4.4.3 Bioactivation of aflatoxin Bi
Although the present study suggests that TFu have a direct effect on the bacterial 
DNA, it was only evident when aflatoxin Bi served as the model mutagen. In chapter 
3, various model mutagens were employed in studies investigating the antimutagenic 
potential of TFu. If the sole mechanism for the synergistic effects observed were via a 
direct action on the bacterial DNA it would be likely for this to occur also with one or 
more of the other model mutagens. For this reason, other mechanisms which could, at
128
Chapter 4______________________ Synergistic genotoxicitv of aflatoxin and black tea theafiilvins
least in part, be responsible for the synergism between TFu and aflatoxin Bi were 
investigated, including bioactivation of the carcinogen.
4.4.3.1 Bioactivation of aflatoxin Bi by rat hepatic lipoxygenase
Both purified soybean lipoxygenase and guinea pig tissue cytosolic hpoxygenase 
were able to activate aflatoxin Bi to form DNA adducts (Liu & Massey, 1992). 
Therefore, the effect of TFu on aflatoxin Bi mutagenicity was once again investigated 
but using hepatic cytosol isolated from rats pretreated with Aroclor 1254 as the 
activation system instead of hepatic S9. Lipoxygenase is a cytosohc enzyme, which 
generates peroxyl radicals from arachidonic acid that are capable of activating 
aflatoxin B%. Therefore, arachidonic acid (50 pM) was added to the cytosohc 
activation system used in these studies.
Concentrations of aflatoxin Bi up to 3 pg/plate failed to produce a mutagenic 
response, as measured by doubling of the spontaneous reversion rate. An increase in 
revertant colony count was observed which was only just twice the spontaneous 
reversion rate. The study was repeated and the hpoxygenase inhibitor 
nordihydroguaiaretic acid (0.1 mM) was added to estabhsh whether the increase in 
the number of revertants was due to activation of the mycotoxin by hpoxygenase as 
opposed to other enzyme systems present in the cytosol. Because of the poor 
mutagenic response under these conditions, results were inconclusive. Therefore, it is 
concluded that, under the present conditions, hpoxygenase was unable to activate, 
substantially, aflatoxin Bi in the Ames test. WoodaU et al. (1999) also reported that
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they were unable to activate aflatoxin Bi with rat hepatic cytosol in the Ames 
mutagenicity assay, using mycotoxin concentrations of 0.05-0.20 pg/plate.
4,4.3.2 Bioactivation of aflatoxin Bias a function of rat hepatic S9 concentration
The synergistic effect of TFu with aflatoxin Bi was evaluated as before, but with 
three different strengths of activation system. Activation systems comprising 4%, 
10% and 25% hepatic S9 isolated from rats pretreated vvdth Aroclor 1254 were used 
in this study. Studies employing an activation system comprising 4% S9 failed to 
show the potentiation of the mutagenicity of aflatoxin Bi by TFu. As expected, in the 
presence of 10% S9 activation, the potentiation of the mutagenicity of aflatoxin B% by 
TFu was evident, as when 25% 89 activation systems were used. However, the latter 
activation system did not potentiate the mutagenicity elicited by aflatoxin B% to the 
same extent as the 10% 89 activation.
The concentration of 89 required for optimum mutagenesis can vary from one 
compound to another. Too high, as well as, too low a concentration of 89 can 
significantly lower mutagenic response (Maron & Ames, 1983). This may be due to 
an increase in the production of metabolic intermediates, which are toxic to the 
bacteria. However, in the present studies, microcolonies, an indicator of toxicity in 
the Ames test, were not present. A more likely explanation is that an increase in 
protein levels increases non-specific binding of either the promutagen and/or the 
ultimate mutagen and thus, decreases mutagenic activity. However, the addition of 
bovine serum albumen (B8A) to the Ames assay had no effect on the mutagenicity of 
aflatoxin B% with Salmonella typhimurium strain TA98 (Woodall et al., 1999). The
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mechanism(s) for modulation of mutagenicity by concentration of S9 remains to be 
elucidated.
4.4.3,3 Bioactivation o f aflatoxin Bi by rat hepatic microsomes
TFu was tested in the Ames mutagenicity as described previously (section 4.5.3.2) 
but in place of S9 activation, 4%, 10% and 25% microsomal activation systems 
derived from Aroclor 1254-induced rats were used. No enhancement of the 
mutagenicity of TFu was seen, whatever the strength of the microsomal activation 
system. These findings suggest that, as previously discussed, a direct interaction of 
TFu with bacterial DNA is not the sole mechanism involved in the synergistic effects 
of TFu and aflatoxin Bi, as this would also be expressed in the presence of 
microsomal activation systems. Therefore, the possibility that TFu may interact with 
the electrophilic intermediates of the mycotoxin to produce higher mutagenicity was
investigated as an additional mechanism.
/
4.4.4 The capability of TFu to scavenge reactive intermediates of 
aflatoxin Bi
Studies were carried out to estabhsh whether TFu exert their synergistic effects by 
interacting with the electrophilic intermediates of aflatoxin B%. To accon^lish this, 
TFu was added to the activation system either at the beginning of the experiment, so 
it was present during the microsomal activation of aflatoxin Bi, or after microsomal 
metabohsm was terminated by the addition of menadione. There was no potentiation 
in the mycotoxin mutagenicity, in the preseiice of either 4% S9 or 4% microsomes, 
whether added during or after microsomal activation. The same observation was
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made when 10% microsomes served as the activation system. When 10% S9 was 
employed as the activation system, however, TFu added at the start of the incubation 
potentiated the mutagenic response ehcited by aflatoxin Bi, but in contrast, when TFu 
was added at the end of the incubation period, after cytochrome P450 activity was 
arrested, the mutagenicity of the mycotoxin was reduced. Since there was no 
potentiation of mutagenicity in the studies when microsomes served as the activation 
system, whether TFu was added at the start or at the end of the incubation period, but 
was seen with S9, it may be concluded that the cytosol is required for the synergism 
to occur.
4.4.5.Detoxification of aflatoxin Bi
In search for the mechanism(s) responsible for the synergism of TFu and aflatoxin Bi, 
the ft) ho wing were evaluated; modulation of bioactivation of the mycotoxin; direct 
effects of TFu on the bacteria; and scavenging/interaction of reactive intermediates of 
aflatoxin B% and TFu. As yet, detoxification pathways have not been addressed. Two 
enzyme systems are principally involved in the detoxification of aflatoxin Bi 8,9- 
epoxide. These are epoxide hydrolase and glutathione 5-transferase, the latter being 
cytosohc.
4,4.5.1 Effect of TFu on epoxide hydrolase activity in vitro
The addition of TFu caused a concentration dependent decrease in epoxide hydrolase 
activity, determined using benzo[n]pyrene 4,5-oxide as a substrate. Epoxide 
hydrolase is one of the two enzyme systems responsible for the deactivation of the 
ultimate carcinogen, aflatoxin Bi 8,9-epoxide, produced by the metabolic
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bioactivation of aflatoxin Bi (Haber-Mignard et al., 1996; Coulombe, 1993; Ch’ih et 
al., 1983). Epoxide hydrolase, however, is predominantly a microsomal enzyme 
(Timbrell, 1991) and no potentiation of aflatoxin Bi mutagenicity by TFu was evident 
in these studies, when microsomes were the source of activation. Therefore, 
inhibition of epoxide hydrolase is unlikely to be the most important mechanism 
involved in the synergism of aflatoxin Bi and TFu in the Ames assay.
The role of epoxide hydrolase in the deactivation of aflatoxin Bi 8,9-epoxide has 
been questioned (Guengerich et al., 1998; Guengerich et al., 1996). Rat epoxide 
hydrolase had a relatively low ability to inhibit the genotoxicity of aflatoxin Bi 8,9- 
epoxide, except at very high ratios of epoxide hydrolase:P450 activity (Guengerich et 
al., 1998). These workers suggested that conjugation of aflatoxin Bi 8,9-epoxide with 
glutathione was the major deactivation pathway, hence, studies investigating the 
synergism of aflatoxin B% and TFu continued by evaluating the effect of TFu on 
glutathione ^'-transferase activity.
4.4.5.2 Effect of TFu on glutathione ^transferase activity in vitro
Two substrates for glutathione ^'-transferase activity were used, DCNB and CDNB, fo 
evaluate the effect of TFu on the enzyme activity. The addition of 250-500 pg TFu to 
the incubation mixture decreased the activity of glutathione ^'-transferase activity by 
up to approximately 50%, when DCNB was employed as the substrate. The addition 
of 75 pg TFu to the incubation mixture almost completely inhibited glutathione S- 
transferase activity when CDNB was employed as the substrate.
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The alpha family of glutathione ^'-transferase enzymes is involved in the conjugation 
of glutathione to aflatoxin Bi 8,9-epoxide in rats, whereas the Mu family is poorly 
active (Coles et al., 1985). CDNB is a good substrate for both alpha and Mu 
subfamilies of glutathione ^'-transferases, whereas DCNB is more indicative of the 
Mu family’s activity (Guerre et al., 1996). TFu was more effective in inhibiting 
glutathione ^'-transferase activity when CDNB was employed as the substrate 
suggesting that it was the alpha subfamily of glutathione ^'-transferase enzymes 
which were inhibited. Hence, the principal mechanism for the synergistic effect of 
TFu with aflatoxin Bi is possibly inhibition of glutathione ^transferase. For 
glutathione ^'-transferase activity to occur in the Ames assay there must be sufficient 
glutathione available for conjugation. Glutathione is present in hepatocyte cytosol at 
relatively high concentrations, about 5 mM or greater (Timbrel, 1991). In the present 
studies, livers were homogenised to 25% w/v and the activation system comprised 
10% S9. Aliquots of 0.5 ml activation system were added to the Ames assay, and, 
thus approximately 0.0625 pmol glutathione per plate was available for conjugation.
Therefore, it is concluded that TFu may inhibit the alpha subfamily of glutathione S- 
transferase enzymes and this is, in part, responsible for the synergistic effects of TFu 
and aflatoxin Bi. Since the deactivation of the epoxide is suppressed, more is 
available for interaction with bacterial DNA leading to an enhanced mutagenic 
response. This mechanism could be responsible for the synergistic genotoxicity 
between polyphenols and aflatoxin Bi reported previously (Shelf & Chin, 1980). 
However, these workers did not investigate the modulation of the glutathione S- 
transferase enzymes.
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4.4.6 Effect of TFu and TF on mammalian enzyme systems in vivo
Studies were conducted to establish whether TFu and TF isolated from black tea were 
capable of modulating cytochrome P450 and phase II enzyme activities in vivo. 
Groups of five male Wistar albino rats were treated for 28 days as described 
previously (section 4.3.3.2). Hepatic microsomes or cytosol from TFu and TF treated 
animals were employed in a number assays used as probes for either phase I or phase 
II enzyme activities. There was no significant difference between TFu and TF treated 
animals when compared to controls in any of the assays used as probes for enzyme 
activity in this study. Enzyme systems investigated included; cytochrome P450 
CYPlAl (ethoxyresorufin O-deethylase, Burke & Mayer, 1974), CŸP1A2 
(methoxyresorufin 0-demethylase, Namkung et al., 1988), CYP2B (pentoxyresorufin 
0-depentylase, Lubet et al., 1985), CYP3A (erythromycin A-demethylase, Wrighton 
et al., 1985), CYP4A (Laurie acid hydrox}dase, Parker & Orton, 1980), CYP2E1 (p- 
nitrophenol hydroxylase, Reinke & Moyer, 1985); total P450 content (Omura & Sato, 
1964); NADPH-dependent cytochrome c reductase (Williams & Kamin, 1962); 
epoxide hydrolase (Dansette et al., 1979); UDP-glucuronosyl transferase (Burchell, 
1974); sulphotransferase (Sekura et al., 1981); and glutathione ^'-transferase (Habig et 
al, 1974).
These studies suggest that the synergistic genotoxicity of aflatoxin Bi and TFu 
observed in the Ames mutagenicity assay may not be relevant in vivo. It must be 
noted that the in vivo studies in this investigation, employed rats on a low polyphenol 
diet. Animals were treated only once a day and with either TFu or TF. Therefore, the
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extrapolation of this data to the human situation should be done so with caution. 
Despite this, the doses given to the rats were directly comparable to humans 
consuming approximately six cups of tea per day. Also, both TFu and TF are highly 
water soluble and therefore, probably have a very low bioavailability. This may 
explain the lack of effect on enzyme systems in vivo compared to in vitro but this 
remains to be confirmed.
4.5 SUMMARY
The synergism of aflatoxin and TFu is complex and may involve multiple 
mechanisms. TFu had a direct effect on the Salmonella typhimurium bacteria used in 
the Ames mutagenicity assay. The precise effect of TFu on the bacteria is unknown 
but it is unlikely to be by increasing the uptake of the epoxide into the cell because 
this is not evident with other mutagens. Therefore, it is likely that TFu may influence 
the mutagenic response by interacting with the bacterial DNA to alter the availability 
of binding sites for the interaction with the ultimate carcinogen. Similar mechanisms 
have been reported by other investigators using polyphenols (Ayrton et al., 1992; 
Teel, 1986).
Both pathways involved in the deactivation of aflatoxin Bi 8,9-epoxide, namely 
epoxide hydrolase and glutathione ^'-transferase were inhibited by TFu. Since epoxide 
hydrolase is a microsomal enzyme and, moreover, its role in the deactivation of 
aflatoxin 8,9-epoxide has been questioned (Guengerich et al., 1998; Guengerich et 
al., 1996), the principal deactivation pathway, with which TFu may interact, is 
glutathione conjugation (Guengerich et al., 1998; Guerre et al., 1996; Guengerich et
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al., 1996; Coulombe, 1993). Inhibition of glutathione ^'-transferase will lead to more 
aflatoxin Bi 8,9-epoxide being available for interaction with bacterial DNA, thus 
enhancing mutagenic activity.
Studies in this investigation suggest that the synergistic effects observed between 
aflatoxin Bi and TFu in the Ames mutagenicity assay may not be relevant in vivo. A 
number of mammalian enzyme systems were evaluated after rats were treated with 
either TFu or TF. Neither treatment had any significant effect on any of the enzyme 
systems investigated in this study when compared to controls.
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Chapter 5____________________________________Antimutagenic potential of dietary procyanidins
5.1 INTRODUCTION
A number of epidemiological studies have highlighted the beneficial health effects 
associated with the consumption of diets rich in fi-uits and vegetables. Protection 
against diseases of high morbidity such as cancer and cardiovascular diseases have 
been shown in human populations consuming such diets (Hollman & Katan, 1999; 
Hertog et al., 1993; Block et al., 1992; Steinmetz & Potter, 1991). The search for the 
individual components in foods of plant origin responsible for these beneficial effects 
has yielded a number of bioactive compounds. These compounds include; 
isothiocyanates, organosulphates, terpenoids, retinoids, and phenols, with the phenols 
being, by far, the most extensively studied (Yang et al., 1997; Moon et al, 1997; 
KnasmüUer et al, 1996; Sundaram & Milner, 1996; Maltzman et a l, 1989).
Phenols are present in a wide range of fruits and vegetables, including grapes and 
onions and also in beverages such as tea and wine (Hollman & Katan, 1999). Dietary 
phenols can be very simple structures comprising only one phenyl ring (e.g. 
coumarins, cinnamic acids) or they can have more than one phenyl ring, in which 
case they are termed polyphenols (e.g. flavonols, flavanones, isoflavones, 
anthocyanidins). Much larger phenolic molecules with multiple phenyl rings are 
termed tannins (Haslam, 1989).
Originally, so called for their ability to convert animal skin into leather, tannins are 
compounds present in substantial amounts in plants, and hence also food of plant 
origin (Haslam, 1989). Many of the modem day definitions of the word tannin, derive 
at least in part from that given by Nierenstein (1934) who described tannins as
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amorphous substances of vegetable origin, astringent to taste and forming coloured 
solutions which precipitate iron and other metals, gelatin, alkaloids and other 
proteins. Tannins are divided into two distinct groups. The first group is termed 
hydro lysable tannins, which are esters of phenohc acids, usually gallic acid, and a 
polyol, usually glucose. The second group are called proanthocyanidins (PAs) and are 
polymers of flavan-3-ol subunits (Figure 5.1) which produce anthocyanidins when 
heated in acidic media (Pascual-Teresa et a l, 2000; Santos-Buelga & Scalbert, 2000).
PAs comprise flavan-3-ol units, which are usually linked by C-C bonds and 
occasionally by C-O-C bonds. The flavan-3-ol units have a C6-C3-C6 flavonoid 
skeleton and the three rings are identified by the letters A, B and C (Figure 5.1) 
(Santos-Buelga & Scalbert, 2000). The PAs can be further subdivided into three 
groups, which are characterised by the number of hydroxyl groups on both aromatic 
rings and the stereochemistry of the asymmetric carbon atoms of the heterocycle and 
inner monomer linkage. The rarest of the PAs are the propelargonidins, which have a 
single hydroxyl in the 4 ' position of the B-ring. The second group of PAs, the 
prodelphinidins, are characterised by three hydroxyl groups at the 3',4' and 5' 
positions of the B-ring. The most common of the PAs are the procyanidins (PCs) 
which have a 3',4'-düiydroxy substitution on the B-ring (Figure 5.1) (Santos-Buelga 
& Scalbert, 2000). Similar to PAs which yield anthocyanidins after heating in acidic 
media, PCs are so called because they yield cyanidin when they are heated in acidic 
media (PascuaFTeresa, 20Ô0).
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Generally, there are two naming system for the PAs. The first system uses an 
alphabetical/numerical system. The PAs were given a letter (A, B or C), dependent on 
the type of interflavanol linkage(s) which they possess. A number was added to the 
letter as each PA was detected. Therefore, the first dimeric PC to be detected was 
named BI (Thompson et a/., 1972). As the number of new structures to be named 
increased, a new nomenclature was introduced (Haslam, 1989). Using this system.
OH
HO.
OH
Propelargonidins; Rl, R2=H 
Prodelphinidins; Rl, R2=0H
Procyanidins; R1=H, R2=OH
(Taken from Santos-Buelga & Scalbert, 2000) 
Figure 5,1 Structure o f proanthocyanidins
the fiavan-3-ol monomers which make up the oligomeric molecule were named and 
the interflavanol linkage was indicated. The configuration of the interflavanol linkage 
at C4 was described as a  or p. Hence, with this system, BI became epicatechin-(4p- 
8)-catechin (Santos-Buelga & Scalbert, 2000). For reasons of simplicity, procyanidins 
utilised in this study are referred to using the original nomenclature, i.e. BI, B2, B3, 
etc.
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Relatively little is known about the daily intake of individual procyanidins, partly due 
to their polymeric nature making them difficult to analyse and partly due to differing 
dietary habits within populations (Santos-Buelga & Scalbert, 2000; Hollman & 
Katan, 1999). Despite this, PCs are hkely to contribute to a large part of the daily 
polyphenol intake of humans (Santos-Buelga & Scalbert, 2000; Hollman & Katan, 
1999; de Pascual-Teresa, 1998a,b). Procyanidins, similar to lower molecular-weight 
dietary polyphenolics, have antioxidant properties and, therefore, might participate in 
the prevention of cancer (Zhao et al., 1999; Facino et al., 1999). They might also 
protect against LDL oxidation and inhibit platelet aggregation and hence, protect 
against cardiovascular diseases (Facino et al., 1999).
Several studies have reported the possible chemopreventive properties of various PCs 
both in vitro and in vivo. Recently, oligomeric procyanidins isolated from grape seeds 
by methanolic extraction have been shown to have antitumour-promoting activity in 
mice (Castonguay et al., 1997). Several galloylated dimers have been shown to 
inhibit the growth of human lung and colon carcinoma cell lines (Kolodziej et al., 
1995) and showed cytotoxicity in a human leukaemic cell line (Kashiwada et a l, 
1992a). Interestingly, it was reported that non-galloylated dimers and trimers were 
less effective inhibitors of cancer cell growth (Kolodziej et al., 1995). Several PAs 
displayed anticancer properties in studies using protein kinase C activity as an end 
point (Kashiwada et al., 1992b). These investigators reported an inhibition of protein 
kinase C activity, an enzyme involved in tumour promotion and signal transduction, 
by a number of tannins.
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Much of the scientific research to date has focussed on monomeric polyphenols, and 
the role of higher-molecular-weight compounds, also present in substantial amounts 
in plant material (Pascual-Teresa et al., 1998a,b; Bétes-Saura et al., 1996), have been 
largely ignored. The reason for this is, in part, due to difficulties in isolation and 
analysis of PAs. A lack of reference substances has compounded the problem by 
making identification of PA peaks, obtained after resolution by HPLC, difficult 
(Santos-Buelga & Scalbert, 2000).
It has been shovm that a relationship exists between procyanidin structure and 
biological activity after an increase in the degree of polmerization in polyphenol 
structure corresponded to an increase in the inhibition of lipid peroxidation (Zhao et 
al, 1999). Despite this, it is not universally agreed which size of oligomer or polymer 
is responsible for which degree of biological activity. Some investigators maintain 
that larger polymers are involved in the health benefits associated with procyanidins 
whereas other researchers are of the opinion that it is only dimers and trimers which 
are involved (Amoroux et al., 1998; Vennat et a l, 1994; Gali et a l, 1994).
Therefore, in the present study, dimeric polyphenolics, their gallate esters, oligomeric 
and polymeric procyanidins isolated from grape seeds, apple skins and almond fruits 
were evaluated for antimutagenic activity using the Aunes mutagenicity assay and 
established dietary carcinogens with which they are likely to be concurrently 
ingested. Due to the unavailability of large quantities of PCs, which were required for 
mechanistic studies, the monomeric fiavanols (+)-catechin and (-)-epicatechin were
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HQ
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OH
OH
HO
OH
OH
Gallate
OH
0-C OH
OH
OH
OH
OH
HO.
OH
OH
HO. OH
Rl R2 R3' , R4
BI OH H H OH
B2 OH H OH H
B2-3’-0-gallate OH H Gallate H
B2-3-0-gallate Gallate H OH H
T1 J 2  . T3
B5 OH H OH H
B7 OH H H OH
OH
HO' OH
OH
OH
(+)-Catechin (-)-Epicatechin
Figure 5,2 Chemical structure of polyphenols used in the present investigations
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investigated in parallel, at the same concentrations as the dimeric, ohgomeric and 
polymeric flavonols.
5.2 OBJECTIVES OF THIS STUDY
The principal objectives of this study were to:
(1) evaluate the ability of naturally occurring dietary polyphenols to modulate the 
mutagenicity of established food carcinogens, with which they are likely to be 
concurrently ingested, using the Ames assay.
(2) identify the mechanism(s) responsible for the observed antimutagenic effects.
(3) compare the biological activity of low and high molecular weight fiavanols.
5.3 MATERIALS AND METHODS
Mutagenicity testing was carried out using the Ames assay as described previously 
(section 2.2.). All model mutagens were dissolved in DMSO except the nitrosamine, 
A-nitrosopyrrolidine, which was dissolved in RO water.
5.3.1 Culturing of bacterial tester strains in the presence of (+)- 
catechin
Fresh bacterial cultures were prepared as described previously (section 2.2.2.4). In 
studies investigating the direct interaction of (+)-catechin with bacterial DNA, 
nutrient broth was supplemented with (+)-catechin (1 mg/ml or 10 mg/ml) before 
inoculation with the bacteria. Inoculated nutrient broth was then incubated as 
described previously (section 2.2.2.4). At the end of the incubation period, bacteria 
were precipitated by centrifugation at 3,500 g  for 5 min using a Beckman J2-21
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centrifuge. The nutrient broth containing (+)-catechin was carefully discarded and the 
bacteria resuspended in 10 ml of fresh nutrient broth. This procedure was repeated 
one more time. Bacterial cultures prepared without the addition of (+)-catechin was 
carried through the same procedure and tests performed in parallel for comparison.
5.3.2 Isolation of procyanidins
The dimeric polyphenolics BI (epicatechin-4p-8-catechin, 98%), B2 (epicatechin-4p- 
8-catechin, 98%), B5 (epicatechin-4p-6-epicatechin, 96%) and B7 (epicatechin-4p-6- 
catechin, 93.5%) and the gallate esters B2-3-0-gallate (epicatechin gallate-4p-8- 
epicatechin, 94%) and B2-3’-0-gallate (epicatechin-4p-8-epicatechin gallate, 93.1%) 
were provided by collaborators who isolated and characterised them as follows. 
Purity of the isolated compounds was determined by HPLC.
5.3.2.1 Isolation and characterisation o f procyanidins BI, B2 and B2-3*-0-gallate
A  procyanidin extract from the grape seeds Iritis vinifera, var. Alicante Bouchet was 
prepared as described by Prieur et al. (1994). The extract was dissolved in 2% acetic 
acid (10 mg/ml) and fractionated using an HPLC system comprising two gradient 
pumps (M306, head pump 200 Wti, Gilson, Villiers-le-Bel, France), a hydraulic 
compression column (500 mm x 4 mm id; ISA, Jobin Yvon, Lonjuneau, France), and 
a UV detector (M875-UV, Jasco, Tokyo, Japan) set at 280 nm. The column was 
packed with Toyopearl TSK-40F (500 ml, Tosohaas, Stuttgart, Germany), under 7 
bar pressure, and eluted with 50% ethanol (7 ml/min). Fractions containing the 
oligomeric procyanidins were collected, concentrated by rotary evaporation, and 
injected onto a reverse-phase Lichrospher RP-18 column (5 mm packing, 125 mm x
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22 mm id; Merck, Darmstadt, Germany). Elution was achieved with solvent A 
(acetonitrileiwateriformic acid, 80:18:2) and solvent B (water:acetic acid, 98:2), 
isocratically with 3% solvent A for 5 min, continuing with linear gradient from 3% to 
20% solvent A in 10 min, and from 30 to 50% in 5 min, followed by washing and 
reconditioning the column. Chromatographically pure compounds were identified by 
LC-MS as described by Pascual-Teresa et al., (1999; 1998c) and Fulcrand et al., 
(1999). For the gallate ester, mass spectra were recorded by LC-ESI-MS in the 
negative-ion mode, yielding a signal at m/z = 729.2 amu, corresponding to the [M-H] 
ion; the position of galloylation was determined by thiolysis as described by Da Silva 
et al.,{\99\).
BI, B2 and B2-3’-0-gallate were isolated, characterised and provided by Jean-Marc 
Souquet and Véronique Cheynier, Unité de Recherche Biopolmères et Arômes, 
INRA, Montpellier Cedex, France.
5.3.2.2 Isolation and characterisation of procyanidins B5, B7 and B2-3-0-gallate
For the isolation of B5, B7 and B2-3-0-gallate, unripe almonds, apple skins and 
grape seeds were used respectively. Frozen plemt materials were ground and extracted 
with cold methanol containing 0.05% ascorbic acid (-20 % ). The mixture was 
sonicated for 15 min and then centrifuged at 4,000 g for 10 min at -10 ®C. The 
supernatant was collected and the residue was processed similarly four more times. 
Methanol was eliminated in vacuum, the aqueous extract washed with «-hexane, and 
then extracted with ethyl acetate. The extract was fractionated in a Sephadex LH-20 
column (50 cm x 2.5 cm) with ethanol (96%), and the procyanidins further purified
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by RP-HPLC as described by Pascual-Teresa et al., (1998c). The identification of the 
isolated compounds was made by selective cleavages (acidic, enzymic, and in the 
presence of nucleophiles) (Escribano-Bailon et al., 1992; Rigaud et al., 1991) and 
mass spectrometry, using a Finnigan LCQ equipped with an electrospray ionization 
(ESI) interface; the auxiliary and the sheath gas were a mixture of helium and 
nitrogen, the capillary temperature was +200 ^C, and the capillary voltage, 31V. Full 
mass and MS-MS spectra were obtained in positive-ion mode (Pascual-Teresa et al., 
1999). For the gallate ester, mass spectra were recorded by LC-ESI-MS in the 
negative-ion mode, yielding a signal at m/z = 729.2 amu, corresponding to the [M-H] 
ion; the position of galloylation was determined by thiolysis as described by Da Silva 
et n/., (1991).
B5, B7 and B2-3-0-gallate were isolated, characterised and provided by Sonia de 
Pascual-Teresa and Celestino Santos-Buelga, Nutricion y Bromatologia, Facultad de 
Farmacia, Campus Miguel de Unamuno, Salamanca, Spain.
5.3.2,3 Isolation and characterisation of polymeric and oligomeric procyanidins 
A procyanidin extract was prepared from grape seeds, Vitis vinifera var. Alicante 
Bouchet, as described by Prieur et al., (1994) and fractionated by liquid 
chromatography on Toyopearl HW-40F (500 ml, Tosohaas, Stuttgart, Germany). 
After washing with ethanol/water (50:50 v/v) to eliminate the monomers, two 
fractions, containing oligomers and polymers respectively, were obtained by 
successive elution with methanol and acetone/water (60:40 v/v). The ohgomeric and 
polymeric fractions were then controUed by reverse phase HPLC and electrospray
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mass spectrometry as described previously (Fulcrand et al., 1999; Le Roux et al., 
1998). The ohgomeric fraction was thus shown to contain procyanidin dimers BI to 
B4, B2-3’0-gallate and several trimers as the major compounds, whereas a complete 
series of ohgomers, up to the nonamer level, as well as the corresponding 
monogahoylated and digalloylated species were detected in the polymeric fraction. 
The mean degree of polymerisation (mDP) and proportion of constitutive units in 
each fraction were determined by thiolysis followed by HPLC analysis (Prieur et al., 
1994). The mDP thus calculated was 2.4 and 8.6 respectively in the ohgomeric and 
polymeric fractions. Gahoylated units represent 14.2% of ah constitutive units in the 
ohgomeric fraction and 21.8% in the polymeric fraction.
The polymeric and ohgomeric procyanidins were isolated, characterised and provided 
by Jean-Marc Souquet and Véronique Cheynier, Unité de Recherche Biopolmères et 
Arômes, INRA, Montpellier Cedex, France.
5.4 RESULTS
5.4.1 The effect of monomeric polyphenols on the mutagenicity of 
model mutagens
The monomeric polyphenols (+)-catechin and (-)-epicatechin were evaluated in the 
Ames mutagenicity assay up to a final concentration of 100 pM. The polyphenols 
were tested against four model mutagens. Mutagens employed in this study were: the 
heterocyclic amine 2-amino-3-methylimidazo-[4,5-/|quinoline (IQ); the polycyclic 
aromatic hydrocarbon benzo[n]pyrene; the nitrosamine V-nitrosopyrrohdine; and the
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direct-acting mutagen (i.e. not requiring metabolic bioactivation) V-methy-iV-nitro- 
nitrosoguanidine (MNNG).
Neither (+)-catechin (Figure 5.3) nor (-)-epicatechin (Figure 5.4) markedly 
influenced the mutagenicity of IQ, MNNG or benzo[a]pyrene. Both monomeric 
polyphenols potentiated the mutagenicity provoked by the nitrosamine, N- 
nitrosopyrrolidine, polyphenol concentrations higher than 1 pM (Figure 5.3 and 
Figure 5.4). The effect was less pronounced at the higher concentration of 1 mM in 
the case of (+)-catechin but was still well above the mutagenic response elicited by N- 
nitrosopyrrolidine alone. The effects of (+)-catechin and (-)-epicatechin were 
independent of the concentration of the nitrosamine, with similar observations at N- 
nitrosopyrrolidine concentrations of 2, 6 or 8 mg/plate (Figure 5.5). Neither of the 
monomeric procyanidins elicited a mutagenic response in the Ames test on their own 
at the concentrations used in this study, either with or without metabohc bioactivation 
(Table 5.1).
5.4.2 Modulation of the , mutagenicity of model mutagens by dimeric 
polyphenols
Procyanidin dimers BI, B2, B5 and B7 and the gallate esters of the dimeric 
polyphenol B2, namely B2-3’-0-gallate and B2-3-0-gallate, were tested for 
antimutagenic potential in the Ames mutagenicity assay, up to a final concentration of 
100 pM. Mutagens employed in this study were the same as described in previous 
studies (section 5.4.1 )..Procyanidin dimer BI, up to a final concentration of 0.1 mM
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Figure 5.3 Modulation o f the mutagenic activity of model mutagens by (+)-catechin
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TA 100 and MNNG (1 pg/plate) and benzo[di]pyrene (50 pg/plate) and 
TA1530 and N-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[2i]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for lA~nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 52 ±7, 198 ± I I  
and 15 ± I for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Figure 5.4 Modulation of the mutagenic activity of model mutagens by (-)- 
epicatechin
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TAIOO and MNNG (1 pg/plate) and benzo[di]pyrene (50 pg/plate) and 
TA1530 and 'N-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[di]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for lA-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 52 ±7, 198 ^  11 
and 75 ± 7 for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Figure 5.5 Influence of^-nitrosopyrrolidine concentration on the synergistic effect 
of (+)-catechin and (-)-epicatechin
Studies were carried out using Salmonella typhimurium strain TA1530 and N- 
nitrosopyrolidine (2-8 mg/plate). Hepatic S9 preparations from isoniazid-induced 
rats (25% v/v) served as the activation system. Mutagenicity was determined in the 
absence and presence o f (+)-catechin or (-)-epicatechin (100 pg per plate). Results 
are presented as mean ± SD for triplicate plates. The spontaneous reversion rate o f  
17 ±3 has already been subtracted.
failed to modulate the mutagenic response induced by IQ, benzo[a]pyrene, and 
MNNG (Figure 5.6). When TV-nitrosopyrrohdine served as the model mutagen, 
however, the mutagenic response was potentiated at concentrations of the 
polyphenolic higher than 1 pM (Figure 5.6). Similar findings were observed when the 
dimeric procyanidins B2 and B5 were evaluated under the same conditions (Figures 
5.7 and 5.8 respectively). The dimeric procyanidin B7, similar to the other
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Figure 5.6 Modulation of the mutagenic activity of model mutagens by BI
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TAIOO and MNNG (1 pg/plate) or benzo[di]pyrene (50 pg/plate) and 
TA1530 and lA-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[di]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for lA-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 25 ^  1, 115 ± 5 
and 16 ± 5 for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Figure 5.7 Modulation o f the mutagenic activity of model mutagens by B2
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TA 100 and MNNG (I pg/plate) or benzo[di]pyrene (50 pg/plate) and 
TA1530 and 'H-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[aJpyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for 'N-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 32 ^  1, 121 ± 6 
and 19 ± 2  for TA98, TA 100 and TA1530 respectively have already been subtracted.
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Figure 5.8 Modulation o f the mutagenic activity of model mutagens by B5
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TA 100 and MNNG (1 pg/plate) or benzo[di]pyrene (50 pg/plate) and 
TA1530 and lA-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[2i]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for lA-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 35 ± 4, 121 ± 9 
and 20 ±3 for TA98, TAIOO and TA1530 respectively have already been subtracted.
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polyphenols, did not modulate the mutagenic activity provoked by benzo[a]pyrene or 
MNNG, but enhanced the mutagenic activity of iV-nitrosopyrrohdine (Figure 5.9). 
However, in contrast to the procyanidins Bl, B2 and B5, B7 caused a modest, but 
reproducible and concentration-dependent decrease in the mutagenicity ehcited by IQ 
at concentrations of the polyphenolic above 1 pM (Figure 5.9). Similar to dimeric 
procyanidins Bl, B2 and B5, the gallate esters of the dimeric B2 namely, B2-3 -O- 
gallate and B2-3-0-gallate, had no effect on the mutagenicity provoked by IQ, 
benzo[fl]pyrene or MNNG but stimulated the mutagenic response ehcited by N- 
nitrosopyrrolidine (Figure 5.10 and Figure 5.11).
Due to unavailability it was not possible to evaluate the mutagenic potential of the 
dimeric procyanidins alone, either with or without S9 metabohc bioactivation in the 
Ames assay.
5.4.3 The effect o f polymeric and oligom eric polyphenols on the 
m utagenicity o f model mutagens
Polymeric and oligomeric procyanidins were evaluated in the Ames mutagenicity 
assay at concentrations up to 200 pg/plate against the same four model mutagens 
used in the previous study.
Both polymeric and oligomeric procyanidins (Figure 5.12) inhibited the mutagenicity 
ehcited by the model mutagen IQ, with the polymeric polyphenohc being somewhat 
more effective. Inhibition of mutagenicity was manifest at concentrations above 2
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Figure 5.9 Modulation o f the mutagenic activity of model mutagens by B7
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TAIOO and MNNG (1 pg/plate) or benzo[si]pyrene (50 pg/plate) and 
TA1530 and 'N-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[di]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for N-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 35 ± 3, 102 ± 6 
and 16 ±2 for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Figure 5,10 Modulation of the mutagenic activity of model mutagens by B2-3 -O- 
gallate
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TAIOO and MNNG (1 pg/plate) or benzo[di]pyrene (50 pg/plate) and 
TA1530 and ^-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[aJpyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for 'lA-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 26 ± 1, 118 ± 18 
and 17 ± 5 for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Figure 5,11 Modulation o f the mutagenic activity of model mutagens by B2-3-0- 
gallate
The study was carried out using Salmonella typhimurium strains TA98 and IQ (50 
ng/plate), TAIOO and MNNG (I pg/plate) or benzo[di]pyrene (50 pg/plate) and 
TA 1530 and lA-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from 
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[di]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for lA-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 41 ^3 , 112 ± 11 
and 20 ± 2  for TA98, TAIOO and TA1530 respectively have already been subtracted.
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Test samples and 
positive controls
Histidine revertants 
per plate
(+)-Catechin (1 mM) 0 ± 3
(+)-Catechin (100 mM) 1 ± 5
(+)-Catechin (1 mM+S9) 2 ± 4
(+)-Catechin (100 mM+S9) 0 ± 5
(-)-Epicatechin (1 mM) 0 ± 4
(-)-Epicateçhin (100 mM) 0 ± 4
(-) Epicatechin (1 mM+S9) 2 ± 7
(-)-Epicatechin (100 mM+S9) 0 ± 6
A-nitrosopyrrolidine (+S9) 166 ±28
2-Aminoanthracene (+S9) 2341± 349
Table 5.1 Mutagenic potential of (+)-catechin and (-)-epicatechin
The mutagenicity study was carried out using Salmonella typhimurium strain TA 1530 
and a hepatic S9 activation system (25% v/v) derived from isoniazid-treated rats. N- 
Nitrosopyrrolidine (4 mg per plate) and 2-aminoanthracene (5 pg per plate) served 
as positive controls. Results are presented as mean ± SD for triplicate plates. The 
spontaneous reversion rate o f 17 ± 4  has already been subtracted.
pg/plate in the case of the polymeric procyanidins and at concentrations higher than 
20 pg/plate with the oligomeric polyphenolics. A similar picture was observed when 
benzo[a]pyrene served as the model mutagen (Figure 5.12). However, when N- 
nitrosopyrrolidine served as the model mutagen, the ohgomeric procyanidins, at a 
concentration range of 2-20 pg/plate, potentiated the mutagenic activity (Figure 
5.12). At a concentration of 200 pg/plate, the effect was less pronounced, but, 
mutagenic activity was still higher than that observed in the absence of the
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procyanidins. An almost identical response was noted with the polymeric 
procyanidins, potentiation of the mutagenic response being observed between the 
concentration of 2 and 20 pg/plate (Figure 5.12). At a procyanidin concentration of 
200 pg/plate, mutagenic response decreased, but, to levels which were still higher 
than control values, i.e. in the absence of the polyphenohc (Figure 5.12). The effects 
of both ohgomeric and polymeric procyanidins were independent of the nitrosamine 
concentration, as similar findings were observed when A/-nitrosopyrrohdine 
concentration was 2, 6 or 8 mg/plate (Figure 5.13). Neither polymeric nor ohgomeric 
procyanidins modulated the mutagenic response provoked by the direct-acting 
mutagen MNNG (Figure 5.12).
The polymeric and ohgomeric procyanidins on their own, failed to produce a positive 
mutagenic response in Salmonella typhimurium strains TA98, TAIOO and TA1530 at 
the concentrations employed in these studies, either in the presence or the absence of 
a metabohc activation system (Table 5.2).
5.4.4 The effect of polymeric and oligomeric procyanidins on 
cytochrome P450 enzyme activity
In order to establish whether the antimutagenic effects observed were due to the 
polyphenols inhibiting the cytochrome P450 enzyme systems responsible for the 
bioactivation of the promutagens, their abihty to modulate the dealkylations of 
methoxy- and ethoxy- resorufin was investigated. Both the polymeric and the 
ohgomeric procyanidins suppressed the hepatic microsomal O-dealkylations of 
methoxy- and ethoxy- resorufin in Aroclor 1254-induced rat hver microsomes
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Figure 5.12 Modulation of the mutagenic activity of model mutagens by polymeric 
and oligomeric procyanidins
The study was carried out using Salmonella typhimurium strains TA98 and IQ (25 
ng/plate), TAIOO and MNNG (3 pg/plate) or benzo[aJpyrene (50 pg/plate) and 
TA1530 and N-nitrosopyrrolidine (4 mg/plate). Hepatic S9 preparations from  
Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ and 
benzo[a]pyrene. Hepatic S9 preparations from isoniazid-induced rats (25% v/v) 
served as the activation system for 'N-nitrosopyrrolidine. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates were 65 ± 16, 175 ^  
14 and 10 ± 4 for TA98, TAIOO and TA1530 respectively and have already been 
subtracted.
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Figure 5.13 Influence of N-nitrosopyrrolidine concentration on the synergistic 
effect with polymeric and oligomeric procyanidins
Studies were carried out using Salmonella typhimurium strain TA1530 and N- 
nitrosopyrrolidine (2-8 mg/plate). Hepatic S9 preparations from isoniazid-induced 
rats (25% v/v) served as the activation system. Mutagenicity was determined in the 
absence and presence o f polymeric and oligomeric procyanidins (100 pg per plate). 
Results are presented as mean ± SD for triplicate plates. The spontaneous reversion 
rate o f 17 ±3 has already been subtracted.
(Figure 5.14). The inhibition was observed at polyphenolic concentrations higher than 
2 pg/plate and there was no significant difference between the two procyanidin 
fi-actions in this investigation.
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Bacterial strain and 1 
revertants per p]
listidine
late
. Test samples and positive controls TA98 TAIOO TA1530
Polymeric (2 pg/plate)-S9 3 ± 3 0 ± 4 2 ± 4
Ohgomeric (2 pg/plate)-S9 7 ± 4 9±  10 0 ± 6
Polymeric (2 pg/plate)+S9 6 ± 2 9±  12 4 ± 2
Ohgomeric (2 pg/plate)+S9 16 ±2 5±  14 7 ± 4
2-Nitrofluorene-S9 112±19 —
MNNG-S9 — — 1346 i 65
2-Aminoanthracene+S9 2561± 188 3887± 185 2162 ±264
MNNG-S9 — 4896 ± 342 —
A^-Nitr6sopyrrohdine+S9 — — 172 ±28
Table 5.2 Mutagenic potential of polymeric and oligomeric procyanidins
The mutagenicity study was carried out using Salmonella typhimurium strainsTA98, 
TAIOO and a hepatic S9 activation system (10% v/v) derived from Aroclor 1254- 
treated rats and strain TA1530 and a hepatic S9 activation system (25% v/v) derived 
from isoniazid-treated rats. lA-nitrosopyrrolidine (4 mg/plate), 2-aminoanthracene (5 
pg/plate), MNNG (1 pg/plate) and 2-nitrofluorene (5 pg/plate) served as positive 
controls. Results are presented as mean ± SD for triplicate plates. The spontaneous 
reversion rates o f  51 ^  7, 151 ± 6 and 16 ± 5 for TA98, TAIOO and TA1530 
respectively have already been subtracted.
5.4.5 The involvement of ROS in the procyanidin-induced synergistic 
effect on TV-nitrosopyrrolidine mutagenicity
Studies were undertaken to assess the involvement of reactive oxygen species (ROS) 
in the procyanidin-induced synergistic effect on AA-nitrosopyrrohdine mutagenicity. 
Due to the unavailability o f large quantities of the procyanidins and the commercial 
availability of (+)-catechin, (+)-catechin was used as the model polyphenohc for 
mechanistic investigations. The monomeric flavanol, (+)-catechin was evaluated in
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Figure 5.14 Effect of polymeric and oligomeric procyanidins on the O- 
dealkylations of ethoxy- and methoxy- resorufin
Studies were carried out using isolated microsomes derived from Aroclor 1254- 
induced rats. Results are the average o f duplicate determinations.
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the Ames mutagemcity assay utilising À-nitrosopyrrolidine as the model mutagen. 
The metabohc activation system was supplemented with superoxide dismutase (SOD) 
and/or catalase. Neither enzyme, alone or in combination, prevented the (+)-catechin- 
mediated potentiation of the mutagenic activity of the nitrosamine (Table 5.3).
(+)-catechin
(pg/piate)
SOD/catalase 
(units per plate)
Histidine revertants 
/per plate
—  ! — 315±11
— Catalase (200) 314±41
— SOD (200) 329 ± 20
— Catalase + SOD (200) 323 ± 13
100 — 846 ±51
100 Catalase (50) 838 ± 53
100 Catalase (100) 858 ± 14
100 Catalase (200) 880 ± 06
100 SOD (50) 873 ± 23
100 SOD (100) 956 ± 64
100 SOD (200) 842 ± 26
100 Catalase (50) + SOD (50) 889 ± 26
100 Catalase (100) + SOD (100) 865 ± 19
100 Catalase (200) + SOD (200) 961 ± 38
Table 5.3 Effect o f superoxide dismutase (SOD) and catalase on the (^)-catechin- 
mediated potentiation of the mutagenicity o f  ^ -nitrosopyrrolidine
Studies were carried out using Salmonella typhimurium strain TA1530, N- 
nitrosopyrrolidine (4 mg/plate) and a hepatic S9 activation system (25% v/v) derived 
from isoniazid-induced rats. Results are presented as mean ± SD for triplicate plates. 
The spontaneous reversion o f 9 ± l  has already been subtracted.
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5.4.6 The effect of culturing bacteria in the presence of (+)-catechin 
on the mutagenicity of 7V-nitrosopyrrolidine
Salmonella typhimurium bacteria were cultured in the presence of (+)-catechin as 
described previously (section 5.3.1) to investigate the possibility that (+)-catechin 
was having a direct effect on bacterial DNA making it more sensitive to N- 
nitrosopyrrolidine mutagenicity. The mutagenicity of A-nitrosopyrrolidme, at a range 
of concentrations, was determined with bacteria grown in the absence of the 
polyphenol, and with bacteria that were grown in the presence of (+)-catechin (1 
mg/ml). In the latter case, (+)-catechin was washed off prior to the test so that during 
the Ames mutagenicity assay the polyphenol was absent. Pretreatment of the bacteria 
with (+)-catechin led to a markedly higher mutagenic response being induced by N- 
nitrosopyrrolidine (Figure 5.15).
Studies were conducted to investigate whether pretreatment of the bacteria with (+)- 
catechin altered their response to the in vitro addition of (+)-catechin with N- 
nitrosopyrrolidine as the model mutagen. When the bacteria were pretreated with (+)- 
catechin (1 mg/ml), addition of (+)-catechin in vitro, potentiated the mutagenic 
response elicited by A-nitrosopyrrohdine, at all concentrations of the promutagen 
studied (Figure 5.16, Chart A), to the same extent as observed in bacteria not pre­
exposed to the polyphenol (Figure 5.16, Chart B). In studies where the promutagen 
concentration was kept constant, pre-exposing the bacteria to (+)-catechin (1 or 10 
mg/ml) failed to prevent the synergistic increase in A-nitrosopyrrolidine mutagenicity 
in the presence of (+)-catechin (Figure 5.17).
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Figure 5.15 Effect of culturing bacteria in the presence of (+)-catechin on the 
mutagenicity of ^ -nitrosopyrrolidine
The mutagenicity of'N-nitrosopyrrolidine was determined in Salmonella typhimurium 
TA1530 grown in the absence o f (+)-catechin and in TA1530 grown in the presence 
o f (+)-catechin (1 mg/ml); the flavanol was washed o ff prior to use. The hepatic S9 
activation system (25% v/v) was derived from isoniazid-induced rats. The 
spontaneous reversion rate o f  15 ^  6 has already been subtracted. Results are 
presented as mean ± SD for triplicate plates.
5.5 DISCUSSION
Polyphenolic compounds are present in substantial quantities in many plants and are 
also encountered in large amounts in some beverages made from plants or fruit, such 
as tea and wine. Polyphenols, by virtue of their chemical structure, are antioxidants 
and can therefore, contribute to the prevention of cancer and cardiovascular disease 
(Lu & Foo, 2000; HoUman & Katan, 1999; Pacino et al., 1999).
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Figure 5.16 Effect of in vitro addition of (^)-catechin on the mutagenicity q/’N- 
nitrosopyrrolidine with bacteria pretreated with (+)-catechin
The mutagenicity o f 'H-nitrosopyrrolidine in the presence o f (+)-catechin (10 
pmol/plate) was determined in Salmonella typhimurium strain TA1530 grown in the 
absence o f (+)-catechin (Chart B) and in TA1530 grown in the presence o f (+)- 
catechin (1 mg/ml) (Chart A); the flavanol was washed o ff prior to use. The hepatic 
S9 activation system (25% v/v) was derived from isoniazid-induced rats. The 
spontaneous reversion rate o f 14 ± 6 has already been subtracted. Results are 
presented as mean ± SD for triplicate plates.
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Figure 5,17 Effect of pretreatment of bacteria with (+)-catechin on the potentiation 
of the mutagenicity of ^ -nitrosopyrrolidine by (+)-catechin added in vitro
The mutagenicity of'H-nitrosopyrrolidine (4 mg/plate) in the presence o f (+)-catechin 
was determined in Salmonella typhimurium strain TA1530 grown in the absence o f 
(+)-catechin (Chart A) and in TA1530 grown in the presence o f (+)-catechin (1 
mg/ml Chart B and 10 mg/ml Chart C); the fla\^anol was washed off prior to use. The 
activation system (25% v/v) was isoniazid-induced rat hepatic S9. The spontaneous 
reversion rate o f 14 ± 3 has already been subtracted. Results are presented as mean 
± SD for triplicates.
180
ChaptCT 5______________________________________ Antimutagenic potential of dietary procvanidins
Low molecular-weight polyphenols have received considerable attention as they are 
relatively easy to isolate and purify and are present in substantial amounts in a wide 
variety of fruit and vegetables (Hollman & Katan, 1999; Ahmad et aL, 1998; Yang et 
al, 1997). High molecular weight polyphenols are also present in significant amounts 
in food and beverages originating from plants (de Pascual-Teresa, 1998a,b) but, in 
contrast to low molecular-weight polyphenohcs, they have largely been ignored. 
Despite this, oligomeric procyanidins, isolated from grape seeds, have displayed 
antitumour-promoting activity in mice in a recent study (Castonguay et a i, 1997).
In the present study, naturally occurring polyphenols were isolated and their ability to 
modulate the mutagenicity of established dietary carcinogens was evaluated using the 
Ames test. Polymeric and ohgomeric procyanidins were isolated from grape seeds, 
dimeric procyanidins were isolated from almonds and apple skin and monomeric 
flavonoids were purchased commercially. The monomeric flavonoids (+)-catechin 
and (-)-epicatechin were used in the present study because of the unavailability of 
large amounts of the dimeric, polymeric and ohgomeric procyanidins and the 
commercial availability of the monomers. A number of studies have reported that 
gahoylated polyphenols have higher antioxidant capabilities than their non- 
galloylated derivatives (Saint-Cricq de Gaulejac et a/., 1999; Zhao et al., 1999; 
Uchida et al., 1987). Therefore, gahoylated flavonoids may be more beneficial than 
non-galloylated flavonoids at protecting against the harmful effects associated with 
ROS. For this reason gallates of the dimeric procyanidin B2 were also employed in 
the present study.
181
Chapters _____________________________________Antimutagenic potential of dietary procvanidins
Procyanidins isolated from grape seeds are based on (+)-catechin, (-)-epicatechin and 
(-)-epicatechin-3-gallate units and are thus partially gahoylated. The ohgomeric 
fraction was made up of dimers and trimers with a mean degree of polymerisation 
(mDP) of 2.4 and 14.2% gahoylated units. The mDP of the polymeric procyanidins 
was 8.6 and contained 21.8% gahoylated units.
5.5.1 Evaluation of the genotoxicity of dietary procyanidins
The monomeric polyphenohcs (+)-catechin and (-)-epicatechin and the polymeric 
and ohgomeric polyphenohcs employed in the present investigation were not 
mutagenic in the Ames test, at the concentrations used in this study, in the presence 
or absence of an activation system (Tables 5.1 and 5.2). Due to the unavailability of 
large quantities of the dimeric flavanols, the mutagenic potential of these polyphenols 
could not be evaluated in the Ames assay.
5.5.2 Evaluation of the antigenotoxic potential of monomeric and 
dimeric flavanols
Both of the monomeric flavanols (Figures 5.3 and 5.4) and ah of the dimeric 
flavanols (Figures 5.6-5.11) employed in the present studies had no significant effect 
on the mutagenicity of the model mutagens IQ and benzo[a]pyrene, whose 
bioactivation is principally catalysed by CYP1A2 and CYPlAl respectively (Kleman 
& Overvik, 1995; Gonzalez & Gelboin, 1994; loannides & Parke, 1990 ; Kato, 1986). 
Contrary to these findings, it has been shown previously that (+)-catechin impaired 
the mutagenicity o f aromatic amines by inhibiting their cytochrome P450-mediated 
bioactivation (Steele et aL, 1985). However, these effects were only observed when
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concentrations of (+)-catechin were above 10“  ^ M and in the present study the 
concentrations of (+)-catechin employed were lower and physiologically more 
relevant with regard to reported plasma levels in animals and man. In support of the 
present findings, both (+)-catechin and (-)-epicatechin, at concentrations up to 10^ 
M, failed to inhibit the mutagenic response elicited by the heterocyclic amine PhIP 
(Apostolides et a/., 1996).
Neither the monomeric nor the dimeric polyphenols modulated the mutagenicity of 
the direct acting dietary model mutagen MNNG (Figures 5.3 and 5.4). Therefore, it is 
probable that these polyphenols are unable to interact with and neutrahse 
electrophiles such as MNNG. In contrast to the findings observed with IQ and 
benzo[ût]pyrene, all of the monomeric and dimeric flavanols potentiated the 
mutagenicity of the dietary model mutagen A-nitrosopyrroHdine (Figures 5.3-5.11). 
A/-nitrosopyrrolidine, an indirect-acting mutagen, is bioactivated principally by 
CYP2E1 (Flammang et al., 1993) and for this reason, the activation system used to 
activate the nitrosamine in these studies, was derived fi'om rats pre-treated with 
isoniazid, a known inducer of CYP2E1 (Thomas et al., 1987). The mechanism for the 
synergistic effects of the polyphenols and iV-nitrosopyrrohdine was investigated and 
is discussed later (section 5.5.4).
5.5.3 Evaluation of the antigenotoxic potential of polymeric and 
oligomeric flavanols
In contrast to the findings observed with the monomeric and dimeric flavanols, both 
the polymeric and the ohgomeric procyanidins suppressed the mutagenicity of both
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IQ and benzo[û]pyrene in the Ames test, with the polymeric fraction being shghtly 
more effective (Figure 5.12). The higher efficiency of the polymeric flavonols may be 
due to the higher quantity of gallolylation in this fraction compared with the 
oligomeric procyanidins, but this remains to be confirmed. IQ and benzo[a]pyrene are 
indirect-acting model mutagens which require metaboHc bioactivation in order to 
exert their genotoxic activity. IQ is principally activated by CYP1A2 (Klemen & 
Overvik, 1995; Kato, 1986) and benzo[a]pyrene is primarily activated by CYPlAl 
(Gonzalez & Gelboin, 1994; loannides & Parke, 1990). For this reason the activation 
system employed in these studies was derived from rats pretreated with Aroclor 1254, 
a known inducer of these two cytochrome P450 isoforms (Parkinson et aL, 1983).
It is conceivable that polymeric and ohgomeric procyanidins exert their 
antimutagenic activity by a decrease in the bioactivation of the promutagens via 
inhibition of CYP1A2 and CYPlAl activity. A number of dietary fiavonoids have 
been shown to inhibit the mutagenicity of IQ by inhibition of its bioactivation 
(Edenharder et al., 1997). Polymeric and ohgomeric procyanidins, at the same 
concentrations employed in mutagenicity studies, inhibited the O-dealkylations of 
methoxy- and ethoxy- resorufin, selective substrates for CYP1A2 and CYPlAl 
respectively (Namkung et al., 1988) (Figure 5.14).
Similar to the monomeric and dimeric polyphenols, the ohgomeric and polymeric 
procyanidins failed to modulate the mutagenicity of the direct-acting dietary model 
mutagen MNNG (Figure 5.12). Therefore, it is unlikely that the polymeric and
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oligomeric procyanidins exert, at least in part, their antimutagenic effects by the 
scavenging of metabolically generated reactive intermediates.
5.5.4 Investigation of the mechanism(s) of synergistic genotoxicity 
between 7V-nitrosopyrrolidine and dietary procyanidins
The synergism observed between the monomeric flavanols, the dimeric flavanols and 
the nitrosamine, 7V-nitrosopyrrohdine, was also observed when A-nitrosopyrrohdine 
served as the model mutagen with the polymeric and ohgomeric procyanidins in the 
Ames test. These findings were unexpected, as none of the polyphenols employed in 
the present studies were mutagenic themselves. Similar synergistic effects have been 
reported in the case of paraoxon and aromatic amines (Wagner et aL, 1997) and 
harman, norharman and a variety of carcinogens (Nagao et a l, 1978; Matsumoto et 
al, 1977). Due to the unavailability of large quantities of the dimeric, polymeric and 
ohgomeric flavonols, the commercially available (+)-catechin was used in studies 
aimed at investigating the underlying mechanism responsible for the synergistic 
effects observed between the polyphenols and the nitrosamine in the present study.
At high concentrations, polyphenolic compounds can undergo autoxidation, 
generating ROS, which may induce genotoxicity. Autoxidation of polyphenohcs is 
known to generate the superoxide anion (Marklund & Marklund, 1974). It is 
important to note that, of ah the individual iso forms of cytochrome P450, CYP2E1 
has the highest tendency to generate ROS (Ronis et aL, 1996) and in the rat, it is 
CYP2E1 that is most active in producing hydrogen peroxide (Albano et a l, 1991). 
Moreover, CYP2E1 is responsible for the bioactivation of nitrosamines (Flammang et
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aL, 1993). In order to investigate the hypothesis that the generation of ROS was 
responsible for the synergistic effects between the polyphenols and the nitrosamine, 
studies were carried out incorporating catalase and/or superoxide dismutase (SOD) 
into the Ames mutagenicity assay. Neither catalase, SOD nor a mixture of the two 
enzymes modulated the genotoxic synergy of (+)-catechin and A-nitrosopyrroHdine 
(Table 5.3).
Another possibility is that (+)-catechin is having a direct effect on the Salmonella 
typhimurium bacteria making them more sensitive to mutation. Direct effects on 
bacteria has been reported previously in studies investigating the antimutagenic 
capabilities of the polyphenol ellagic acid in the Ames test (Ayrton et a l, 1992; Teel, 
1986; Dixit & Gold, 1986). Ellagic acid has a direct effect on bacterial DNA, 
decreasing the number of available binding sites for interaction with the ultimate 
carcinogens and therefore, displaying antimutagenic activity (Ayrton et a l, 1992; 
Teel, 1986; Dixit & Gold, 1986). In order to test this hypothesis, bacteria were grown 
in nutrient broth supplemented with (+)-catechin and then the polyphenol washed off 
prior to use in the Ames assay. The mutagenicity of A-nitrosopyrrohdine was 
significantly increased with bacteria pre-exposed to (+)-catechin compared with 
bacteria grown in the absence of the fiavanol (Figure 5.15). The synergistic effect of 
(+)-catechin, therefore, can be manifested even when the polyphenol is not directly 
present in the activation system. Hence, it is also unlikely that the synergistic effect 
exerted by (+)-catechin is mediated by the modulation of the bioactivation of A- 
nitrosopyrrolidine. The mutagenic response of A-nitrosopyrrolidine was, however, 
potentiated in both bacteria pretreated and bacteria not pretreated with (+)-catechin,
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when (+)=catechin was added to the activation system (Figure 5.16 and 5.17). This 
suggests that the mechanism of action of (+)-catechin was not saturated by growing 
the bacteria in the presence of the fiavanol.
From the data available, it is not possible to describe the precise mechanism by which 
(+)-catechin exerts its synergistic effects with A-nitrosopyrroIidine in the Ames test. 
It is possible that (+)-catechin may facilitate the transport of the ultimate carcinogen 
into the bacterial cell giving rise to a more marked mutagenic response. The passage 
of the metabohcally generated reactive intermediate of A-nitrosopyrrohdine into the 
bacterial cell is likely to be by passive diffrision, and it is difficult to envisage how 
(+)-catechin can influence this process. Moreover, (+)-catechin would be expected to 
facilitate the transport of other metabohcally generated reactive intermediates, such as 
those of the polycyclic aromatic hydrocarbons, thus enhancing their mutagenicity if 
such a mechanism was responsible. This is in contrast to the experimental evidence 
where (+)-catechin had no effect on the mutagenic response ehcited by the model 
mutagens IQ and benzo[a]pyrene at the concentrations of the fiavanol tested (Figures 
5.3 and 5.4).
It is possible that (+)-catechin interacts with bacterial DNA in such a way as to 
facilitate the covalent binding of the reactive intermediate and, hence, yielding an 
increase in mutagenic response. This hypothesis, however, can only be tested by 
determining the formation of DNA adducts. The intercalation of chemical 
carcinogens with DNA, increasing the susceptibility of DNA to damage by ultimate 
carcinogens, has been reported previously when P-carbolines enhanced the
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mutagenicity of chemical carcinogens (Hayashi et aL, 1977). Although this is the 
most feasible mechanism for the synergistic effects between (+)-catechin and N- 
nitrosopyrroHdine further studies are required to clarify the underlying mechanism.
5.6 SUMMARY
In conclusion, the present study has demonstrated that the monomeric flavanols (+)- 
catechin and (-)-epicatechin, the dimeric flavanols, Bl, B2, B5, B7 and the gallate 
esters of B2, namely B2-3’-0-gallate and B2-3-0-gallate do not modulate the 
mutagenicity of the model mutagens, IQ, benzo[ûr]pyrene and MNNG, in the Ames 
test. In contrast, all of the polyphenohcs employed in these studies displayed 
genotoxic synergism with the nitrosamine A-nitrosopyrrolidine.
Polymeric and ohgomeric procyanidins suppressed the mutagenicity of the model 
mutagens IQ and benzo[a]pyrene in the Ames test. The antimutagenic activity of 
these polyphenol mixtures was mediated by the inhibition of the cytochrome P450 
isoenzymes responsible for the bioactivation of the promutagens. Similar to the 
monomeric and dimeric flavanols, the polymeric and ohgomeric flavanols had no 
effect on the mutagenicity of the direct-acting model mutagen MNNG but did display 
genotoxic synergism with the nitrosamine A-nitrosopyrrohdine. Investigations aimed 
at identifying the mechanism responsible for the synergism between the polyphenols 
and A-nitrosopyrrohdine, indicated that the polyphenols may have a direct effect on 
the bacterial indicator strains, somehow making them more sensitive to the mutagenic 
activity of the nitrosamine. The relevance of the synergistic genotoxicity between A- 
nitrosopyrrolidine and the polyphenols employed in the present study to the human
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situation is questionable. The synergistic effects observed in vitro were only achieved 
at relatively high polyphenol concentrations that are unlikely to be achieved in vivo. 
If these polyphenols are absorbed intact they are likely to be readily conjugated, as 
there are so many available phenohc groups and therefore, rapidly removed from the 
blood.
The relevance of these findings in relation to human cancer can only be evaluated 
when the pharmacokinetic characteristics of the polyphenols investigated in the 
present studies have been evaluated. In order for this to be carried out, it is important 
to get a more accurate estimation of dietary intake of not only low molecular weight 
polyphenols but also high molecular weight polyphenols. From the data discussed in 
the present study, it can be concluded that polyphenolic dimers and their gallated 
derivatives are unlikely to have anticarcinogenic activity through suppression of the 
initiation stage of carcinogenesis.
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6.1 INTRODUCTION
Individual polyphenoHc components of both green and black tea have been shown to 
possess antioxidant properties in vitro (Weisburger, 1999; Lu et aL, 1997; Constable 
et aL, 1996; Yang et aL, 1996; Vinson et aL, 1995; Yoshino et aL, 1994) but the 
evidence to support the antioxidant effect of tea fiavonoids, in humans, in vivo, is 
inconsistent (Leenan et aL, 2000).
Consumption of green or black tea for 4 weeks produced different results when using 
plasma antioxidant activity as an end point. An increase in plasma antioxidant activity 
was observed after green tea consumption but no increase in plasma antioxidant 
activity was observed after black tea consumption (Van bet Hof et aL, 1998). Black 
tea also failed to increase plasma antioxidant activity after a single dose (Maxwell & 
Thorpe, 1996). Contrary to these findings, a single dose of black tea increased plasma 
antioxidant levels in humans (Serafini et aL, 1996). The increase in plasma 
antioxidant activity was absent in volunteers who then consumed black tea with the 
addition of milk (Serafini et aL, 1996). Interestingly, a significant increase of tea 
catechins in human plasma after consumption of both green and black tea was shown 
to be unaffected by the addition of milk to the teas (Van het hof et aL, 1998). In 
support of these findings, the consumption of a single dose of green or black tea 
induced a significant rise in plasma antioxidant activity in humans and the addition of 
milk to tea had no effect (Leenan et aL, 2000).
Although an increase in plasma antioxidant activity has been linked to a reduction in 
diseases associated with the harmful effects of ROS, such as cardiovascular disease
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(Esterbauer & Ramos, 1995; Steinberg et a l, 1989), a recent investigation studying a 
British cohort did not report a lower incidence of mortality from ischaemic heart 
disease with increased tea and milk consumption by Welsh men (Hertog et a l, 1997). 
In fact, heavy tea drinkers were reported to have an increased morbidity from 
ischaemic heart disease (Hertog et a l, 1997b). These findings were in contrast to 
earlier studies, which reported an inverse association between black tea consumption 
and ischaemic heart disease morbidity in Holland (Hertog et aL, 1993; Keli et aL,
1996).
It has been reported that the consumption of black tea with milk is high in the UK 
compared with other countries (5-6 cups vs. 1-2 cups per day) (Van het Hof g/ aL, 
1998). One important difference between the Dutch and British epidemiological 
studies was that the Dutch population consumed black tea without the addition Of 
milk. It was hypothesised that the addition of milk to black tea, by the British cohort, 
was responsible for the different outcome of the two studies. It was proposed that 
binding of tea fiavonoids to milk proteins impaired the absorption of fiavonoids from 
the gastrointestinal tract (Hertog et aL, 1997). The interaction between tea 
polyphenols and milk proteins has been well documented (Spiro & Chong, 1996; 
Luck et aL, 1994; Brown & Wright, 1963). However, whether the association 
between tea polyphenols and milk casein influences their absorption from the 
gastrointestinal tract remains to be confirmed. In fact, this hypothesis is contradicted 
by a recent study which reported that the addition of milk to black tea had no effect 
on the plasma concentrations of catechins following tea ingestion (Van het Hof et aL, 
1998).
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It has been suggested that one reason for the ambiguity in the hterature concerning 
the effect of the addition of milk to tea and plasma antioxidant levels may be due to 
the volume of milk added to tea (Leenan et aL, 2000; Van het Hof et aL, 1998). The 
International Standards Organization (ISO) document entitled “Tea: preparation of 
liquor for use in sensory tests” suggests that the amount of milk added to tea is 1.85% 
(v/v) in a tea brew 1.25% (w/v) (ISO, 1980). Much higher volumes of milk have been 
used previously i.e. 25% (v/v) (Serafini et aL, 1996), 16% (v/v) (Van het Hof et aL, 
1998) and 10^15% (v/v) (Leenan et aL, 2000). The habitual volume of milk added to 
tea in the United Kingdom is about 10-15% (v/v) (Van het Hoff gr aL, 1996; Mills & 
Patel, 1994).
Milk has been shown to reduce the in vitro antioxidant activity of black tea but only 
at high milk: tea ratios (1:1) and only when full-fat or semi-skimmed milk was used 
(Gardner et aL, 1998). The addition of less milk or skimmed milk had no effect on the 
antioxidant activity of black tea (Gardner et aL, 1998; Serafini et aL, 1996). For these 
reasons and in an attempt to mimic the habitual consumption of black tea with added 
milk in the United Kingdom, a range of 4-16% (v/v) skimmed milk was added to 
black and green tea brews (see section 3.3.1 for preparation of tea brew).
To date, there is only one pubhshed study which has investigated the effect of the 
addition of milk to tea on the antimutagenic potential of black tea (Weisburger et aL,
1997). These workers reported that the addition of milk to black tea potentiated the 
inhibition of mammary gland and colon carcinogenesis by black tea in rats. Despite
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these findings, the inconsistencies in the literature concerning the effects of the 
addition of milk to tea remain and require clarification. For these reasons it was 
deemed pertinent to evaluate the antimutagenic potential of green, black and 
decaffeinated black tea, with and without the addition of milk, using the Ames 
mutagenicity assay. It should be noted that milk was added to green tea for the 
purposes of this study, not to mimic normal beverage consumption since this is not 
typical consumer practice. Tea and milk mixtures were analysed using HPLC to 
evaluate the effect of milk on the polyphenol profile of the tea brews. Preparation of 
tea and milk mixtures prior to HPLC analysis involved the removal of sohd material 
by centrifugation. This process produced pellets and clear, but coloured supernatants. 
The supernatants were analysed using HPLC and the pellets were resuspended to 
their original volume in water. Both the supernatants and the resuspended pellets 
were also evaluated in the Ames assay as described previously (section 2.2.2.6) for 
comparative purposes.
6.2 OBJECTIVES OF THIS STUDY
The principal objectives of this study were to:
(1) establish the effect of the addition of milk on the antimutagenic potential of 
green, black and decaffeinated black tea, using the Ames assay.
(2) identify mechanisms for any observed changes in the antimutagenic potential of 
the tea, caused by the addition of milk.
(3) investigate the possibility that milk proteins bind polyphenols rendering them 
biologically inactive in the Ames assay.
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6.3 MATERIALS AND METHODS
Mutagenicity testing was carried out using the Ames assay as described previously 
(section 2.22.6). All model mutagens were dissolved in DMSO except the 
nitrosamine, JV-nitrosopyrrolidine, which was dissolved in RO water.
6.3.1 Preparation of tea brews and the addition of milk
‘Standard’ brews of black and decaffeinated black tea were prepared as described 
previously (section 2.3.1). Aliquots of the brews (2.5 ml) in plastic centrifuge tubes 
were placed in a waterbath set at 70 for a few minutes. Pasteurised skimmed milk, 
purchased locally, was passed through a 45 pm sterile filter in order to reduce 
bacterial contamination in the Ames assay. Sterile filtered milk was added to the tea 
brews in increasing volumes (see table 6.1). ‘Standard’ brews of green tea were 
prepared in an identical maimer to the black tea brews as described previously 
(section 2.3.1).
Tube Tea volume
m
Milk added
m
Water added
m
% Milk 
content
0 2500 0 400 16
1 2500 100 300 12
2 2500 200 200 8
3 2500 300 100 4
4 2500 400 0 0
Table 6,1 Milk addition to tea brews
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Aliquots from the tea and milk mixture (500 pi) were removed and allowed to cool to 
room temperature before use in the Ames mutagenicity assay. The remainder of the 
mixture was centrifuged (13,000 g for 20 min) to remove sohd material from the tea 
brew. The supernatant was removed and the peUet was resuspended in its original 
volume with water. The antimutagenic potential of both the supernatant and the 
resuspended pellet were also evaluated using the Ames assay.
6.3.2 Analysis of tea brews by HPLC
The polyphenohc composition of the tea brews, after the removal of sohd material, 
was evaluated using HPLC. After centrifugation of the tea and milk mixture (13,000 
g for 20 min), the supernatant was removed and diluted with RO water (1:4 v/v). 
Aliquots of the diluted supernatant (100 pi) were injected onto the column using a 
Spectra Physics AS3000 auto sampler which was connected to a Spectra Physics 
P4000 gradient pump. Separation was achieved using a column (10 cm x 4.6 cm) 
packed with Hypersil 3 pm CDS (Hichrom Ltd., Berkshire, UK) and eluted using the 
ft) ho wing system:
0.5% (v/v) acetic acid
Solvent A
35 minutes 0.5% (v/v) acetic acid
------------------------ ^  30% (v/v) acetonitrile
Gradient 1 Solvent B
Solvent flow rate: =1.0 ml/min
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Eluting peaks were detected by a Spectra Physics forward optical scanning detector 
recording at 360 nm for black tea samples and 280 nm for green tea samples. The 
chromatographic data were collected and processed using an IBM PS/2 computer 
equipped with Spectra FOCUS software.
The HPLC analysis of black tea focused on three groups of polyphenols; flavonol 
glycosides (FG); theaflavins (TF); and the theafulvins (TFu). The four most 
prominent flavonol glycoside peaks and the three most prominent theaflavin peaks, as 
identified by Powell et al. (1993), were used as representative of the total FG and TF 
content of the black tea brew (Figure 6.1). The quantity of the theafulvins was 
calculated by subtracting the area of all peaks on top of the hump from the total area 
(Figure 6.1). Green tea samples were spiked individually with gallic acid, (-)- 
epigallocatechin, (+)-catechin, (-)-epicatechin, (-)-epigallocatechin gallate and (-)- 
epicatechin gallate to identify these individual polyphenols after HPLC analysis 
(Figure 6.2). The area of the individual peaks was used to quantify individual 
polyphenols in the tea brew before and after the addition of milk.
6.4 RESULTS
6.4.1 Antimutagenic potential of tea with added milk
6.4, L I Antimutagenic/mutagenic potential o f milk alone
The mutagenic/antimutagenic potential of milk was evaluated using the Ames assay, 
before and after centrifugation (13, 000 g  for 20 min). The pellet resulting from the 
centrifugation was resuspended to its original volume in water and also evaluated in
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Flavonol
glycosides
300 -1
250 -
200 -
TheaflavinsTR
Z 150- 
§
I
J 100 -
50 -
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20 250 5 10 15
Retention time (min)
Figure 6.1 HPLC chromatogram of decaffeinated black tea aqueous extracts
Decaffeinated black tea (2.5% w/v) was diluted 1:4 with RO water and aliquots o f 
100 fjl were injected onto the column and chromatographed as described in section 
6.3.2. Detection was monitored with UV absorption set at 360 nm. Peaks identified by 
Powell et al.,. (1992), in the same laboratory using the same equipment and 
conditions employed in the present studies.
the Ames test with the established dietary model mutagen IQ. Sterile filtered milk, the 
supernatant and the resuspended pellet were neither mutagenic nor antimutagenic 
(Figure 6.3).
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Figure 6.2 HPLC chromatogram of green tea aqueous extracts
Green tea (2.5% w/v) was diluted 1:4 with RO water and aliquots o f 100 pi were 
injected onto the column and chromatographed as described in section 6.3.2. 
Detection was monitored with UV absorption set at 280 nm.
6.4.1.2 Antimutagenic potential o f black tea with added milk
A range of volumes of milk were added to black tea (see table 6.1) and the resulting 
mixture was tested for antimutagenic activity against four indirect-acting mutagens 2- 
amino-3-methylimidazo-[4,5-/]quinoline (IQ), 2-amino-1 -methyl-6-
phenylimidazo[4,5-6]pyridine (PhIP), benzo[a]pyrene, 7V-nitrosopyrroUdine and two 
direct-acting mutagens, MNNG and 9-aminoacridine using the Ames mutagenicity 
assay. All tests were reproduced on at least two separate occasions using the same 
conditions.
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Figure 6.3 Antimutagenic/mutagenic potential of milk
The study was carried out using Salmonella typhimurium strain TA98, IQ (50 
ng/plate) and sterile filtered skimmed pasteurised milk (100 pl/plate). Hepatic S9 
preparations from Aroclor 1254-induced rats (10% v/v) served as the activation 
system. Results are presented as mean ± SD for triplicate plates. The spontaneous 
reversion rate o f 31 ± 5  has already been subtracted.
Black tea, in the absence of milk, significantly suppressed the mutagenic response 
displayed by both IQ and PhIP. The addition of increasing volumes of milk to black 
tea had no significant effect on the antimutagenic potential of the tea brew with either 
model mutagen (Figure 6.4). When IQ served as the model mutagen, the 
antimutagenic potential of the supernatant decreased as the volume of milk added to
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the tea brew increased (Figure 6.4, chart A). Conversely, the antimutagenic potential 
of the resuspended pellet increased shghtly, but not significantly, as the volume of 
milk added to the tea brew increased. The level of antimutagenic activity in the 
resuspended pellet was approximately 50% of the total observed with the whole brew 
(Figure 6.4, chart A).
When PhIP served as the model mutagen, the antimutagenic activity of the 
supernatant was marginally less than that displayed by the tea and milk mixture and 
was not affected by the addition of increasing volumes of milk (Figure 6.4, chart B). 
An increase in the volume of milk added to the tea brew resulted in a small but 
insignificant decrease in the antimutagenic activity displayed by the resuspended 
pellet (Figure 6.4, chart B).
No significant change in antimutagenic activity was observed as the volume of milk 
added to black tea increased when benzo[a]pyrene served as the model mutagen 
(Figure 6.5, chart A). There was no significant difference in antimutagenic activity 
between the tea and milk mixture and the supernatant (Figure 6.5, chart A). The 
resuspended pellet displayed a slightly lower antimutagenic activity than the 
supernatant and the tea and milk mixture. As the quantity of milk added to the tea 
brew increased to 100 pi in 2.5 ml tea, the antimutagenic activity of the resuspended 
pellet increased and then reached a plateau (Figure 6.5, chart A).
The mutagenic response ehcited by A-nitrosopyrrohdine increased after the addition 
of black tea. The rise in mutagenic response was attenuated as the volume of milk
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Chart A
Tea and milk
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Milk added (pl/2.5 ml tea)
Figure 6.4 Effect o f milk on the antimutagenic potential of black tea against IQ or 
PhIP
Studies were carried out using Salmonella typhimurium strain TA98 and IQ (25 
ng/plate, Chart A) or PhIP (2 pg/plate, Chart B). Tea and milk, supernatant or 
resuspended pellet was added (100 pl/plate). Hepatic S9 preparations from Aroclor 
1254-induced rats (10% v/v) served as the activation system. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rates o f 25 ± 6  and 21 ± 4  
respectively have already been subtracted.
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Figure 6.5 Effect o f milk on the antimutagenic potential of black tea against N- 
nitrosopyrrolidine or benzo[2i]pyrene
Studies were carried out using Salmonella typhimurium strains TA 100 and 
benzo[?i]pyrene (50 pg/plate, Chart A) or TA1530 and 'N-nitrosopyrrolidine (4 
mg/plate, Chart B). Tea and milk, supernatant or resuspended pellet was added (100 
pl/plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% v/v) served 
as the activation system for benzo[a]pyrene and hepatic S9 preparations from 
isoniazid-induced rats (25% v/v) served as the activation system for N- 
nitrosopyrrolidine. Results are presented as mean ± SD for triplicate plates. The 
spontaneous reversion rates o f 125 ± 7 and 11 ±2 for TA98 and TA1530 respectively 
have already been subtracted.
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added increased. Despite the reduction in the mutagenicity of A^-nitrosopyrrohdine by 
the addition of increasing volumes of milk to tea, the mutagenic response never 
returned to control levels (Figure 6.5, chart B). A similar increase in mutagenic 
response was observed when the supernatant was evaluated in the Ames assay with 
the same model mutagen (Figure 6.5, chart B). The increase in mutagenic response 
was reduced by the addition of milk. The resuspended pellet also induced an increase 
in mutagenic response when using A-nitrosopyrrolidine as the model mutagen (Figure
6.5, chart B). The rise in mutagenic response by the resuspended pellet increased as 
the volume of milk added to the tea brew increased.
The tea and milk mixture, the supernatant and the resuspended pellet all performed 
with similar efficacy when MNNG served as the model mutagen in the Ames assay 
(Figure 6.6, chart A). Initially, after the addition of black tea, there was a small 
antimutagenic effect. Increasing the volume of milk added to the tea brew had no 
influence on the antimutagenic activity of the tea.
A similar picture was observed when 9-aminoacridine was employed as the model 
mutagen (Figure 6.6, chart B). There was no significant difference between the 
supernatant and the resuspended pellet. The tea and milk mixture displayed a greater 
antimutagenic activity than the supernatant and the resuspended pellet. The 
antimutagenic activity of the tea and milk mixture, the supernatant and the 
resuspended pellet decreased to a small extent as the volume of milk added to the tea 
brew increased (Figure 6.6, chart B).
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Figure 6,6 Effect of milk on the antimutagenic potential o f black tea against 
MNNG or 9-aminoacridine
Studies were carried out using Salmonella typhimurium strains TA 100 and MNNG 
(1.5 pg/plate. Chart A) or TA1537 and 9-aminoacridine (50 pg/plate, Chart B). Tea 
and milk, supernatant or resuspended pellet was added (100 pl/plate). Results are 
presented as mean ± SD for triplicate plates. The spontaneous reversion rates were 
85 ± 8  and 4 ± 2  for TAIOO and TA 1537 respectively have already been subtracted.
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6.4.1.3 Antimutagenic potential o f decaffeinated black tea with added milk
Studies continued as described in section 6.4.1.2, except that black tea was replaced 
by decaffeinated black tea.
When IQ and PhIP served as the model mutagens in the Ames assay, the mutagenic 
responses elicited were markedly suppressed by the addition of decaffeinated black 
tea (Figure 6.7, charts A and B). The addition of increasing volumes of milk to the tea 
had no effect on the mutagenic response elicited by the model mutagens. In studies 
employing IQ as the model mutagen, the addition of increasing quantities of milk 
decreased the antimutagenic activity of the supernatant. In contrast, as the volume of 
milk added increased, so the antimutagenic activity of the resuspended pellet 
increased (Figure 6.7, chart A). A similar effect was evident when PhIP served as the 
model mutagen (Figure 6.7, chart B). The antimutagenic activity of the supernatant 
decreased moderately when the volume of milk added to the decaffeinated black tea 
brew increased. Conversely, the antimutagenic potential of the resuspended pellet 
increased as the volume of milk added to the tea was increased (Figure 6.7, chart B).
The addition of decaffeinated black tea markedly suppressed the mutagenic responses 
ehcited by the model mutagens benzo[a]pyrene and A-nitrosopyrrolidine in the Ames 
assay (Figure 6.8, charts A and B). The addition of increasing volumes of milk to the 
tea had no significant effect on the antimutagenic activity of the tea brew. There was 
a small decrease in antimutagenic activity with the supernatant as the volume added 
to the tea brew when benzo[a]pyrene served as the model mutagen. Conversely, in
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Figure 6.7 Effect o f milk on the antimutagenic potential o f decaffeinated black tea 
against IQ or PhIP
Studies were carried out using Salmonella typhimurium strain TA98 and IQ (25 
ng/plate, Chart A) or PhIP (2 pg/plate. Chart B). Tea and milk, supernatant or 
resuspended pellet was added (100 pl/plate). Hepatic 89 preparations from Aroclor 
1254-induced rats (10% v/v) served as the activation system. Results are presented as 
mean ± SD for triplicate plates. The spontaneous reversion rate was 26 ± 2  and has 
already been subtracted.
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Figure 6,8 Effect o f milk on the antimutagenic potential o f decaffeinated black tea 
against ^-nitrosopyrrolidine or benzofstjpyrene
Studies were carried out using Salmonella typhimurium strains TA 100 and 
benzo[di]pyrene (50 pg/plate. Chart A) or TA1530 and lA-nitrosopyrrolidine (4 
mg/plate, Chart B). Tea and milk, supernatant or resuspended pellet was added (100 
pl/plate). Hepatic S9 preparations from Aroclor 1254-induced rats (10% v/v) served 
as the activation system for benzo[dL]pyrene and hepatic S9 preparations from 
isoniazid-induced rats (25% v/v) served as the activation system for N- 
nitrosopyrrolidine. Results are presented as mean ± SD for triplicate plates. The 
spontaneous reversion rates o f 112 ± 4 and 17 ± 1 for TAIOO and TA1530 
respectively have already been subtracted.
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the same study, there was a small increase in antimutagenic activity with the 
resuspended pellet when the volume of milk added to the tea brew increased (Figure 
6.8, chart A). Similar results were obtained with the supernatant and resuspended 
pellet when A-nitrosopyrrolidine was employed as the model mutagen (Figure 6.8, 
chart B). The decrease in antimutagenic activity with the supernatant when the 
volume of milk added to the tea brew increased, was more pronounced with the 
nitrosamine.
The addition of decaffeinated black tea had a small antimutagenic effect on the 
mutagenicity elicited by MNNG (Figure 6.9, chart A). There was no difference in 
antimutagenic activity between the decaffeinated tea and milk mixture, the 
supernatant or the resuspended pellet. The addition of increasing volumes of milk had 
no effect on the antimutagenic activity of either the tea and milk mixture, the 
supernatant or the resuspended pellet (Figure 6.9, chart A).
When 9-aminoacridine served as the model mutagen, the addition of decaffeinated 
black tea suppressed the mutagenic response elicited (Figure 6.9, chart B). As the 
volume of milk added to the tea brew increased, the antimutagenic activity of the tea 
decreased slightly. There was no significant difference in antimutagenic activity 
between the supernatant and the resuspended pellet in this study. (Figure 6.9, chart 
B).
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Figure 6,9 Effect o f milk on the antimutagenic potential o f decaffeinated black tea 
against MNNG or 9-aminoacridine
Studies were carried out using Salmonella typhimurium strains TAIOO and MNNG 
(1.5 pg/plate, Chart A) or TA1537 and 9-aminoacridine (50 pg/plate, Chart B). Tea 
and milk, supernatant or resuspended pellet was added (100 pl/plate). Results are 
presented as mean ± SD for triplicate plates. The spontaneous reversion rates o f 84 ± 
12 and 2±  1 for TAIOO and TA 98 respectively have already been subtracted.
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6.4,1.4 Antimutagenic potential of green tea with added milk
Studies continued as described in section 6.4.1.2, except that decaffeinated black tea 
was replaced by green tea. The indirect-acting dietary model mutagen IQ and the 
direct-acting model mutagen MNNG were employed in this study.
The addition of green tea significantly suppressed the mutagenic response elicited by 
IQ in the Ames assay. The observed modulation of mutagenicity was unaffected by 
the addition of increasing volumes of milk to the tea (Figure 6.10, chart A). After 
centrifiigation of the green tea and milk mixture, the antimutagenic activity of the 
supernatant decreased as the volume of milk added to the tea brew increased. The 
antimutagenic activity of the resuspended pellet was lower than the antimutagenic 
activity displayed by the tea and milk mixture. There was no significant change in 
antimutagenic activity with the resuspended pellet as the volume of milk added to the 
tea brew increased (Figure 6.10, chart A).
When MNNG served as the model mutagen, the addition of green tea resulted in a 
small but significant decrease in mutagenic response. The addition of increasing 
volumes of milk to the tea had no effect on the mutagenicity elicited by MNNG 
(Figure 6.10, chart B). Similarly, the addition of increasing volumes of milk to the tea 
had no effect on the antimutagenic activity of either the supernatant or the 
resuspended pellet. There was no difference in antimutagenic activity between the tea 
and milk mixture, the supernatant or the resuspended pellet (Figure 6.10, chart B).
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Figure 6.10 Effect of milk on the antimutagenic potential of green tea against IQ 
or MNNG
Studies were carried out using Salmonella typhimurium strains TA98 and IQ (12.5 
ng/plate, Chart A) or TAIOO and MNNG (500 ng/plate, Chart B). Tea and milk, 
supernatant or resuspended pellet was added (100 pl/plate). Hepatic S9 preparations 
from Aroclor 1254-induced rats (10% v/v) served as the activation system for IQ. 
Results are presented as mean ± SD for triplicate plates. The spontaneous reversion 
rates o f 19 ± 2 and 95 ± 2 for TA98 and TAIOO respectively have already been 
subtracted.
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6.4.2 The effect of the addition of milk to tea on the cytochrome P450 
enzyme system
Black tea and milk samples were prepared as described previously (section 6.3.1) and 
were added to assays used as probes for cytochrome P450 enzymes to estabbsb 
whether the effects observed in the Ames mutagenicity test were due to modulation of 
the enzyme systems responsible for the bioactivation of the promutagens.
The O-dealkylations of ethoxyresorufin, methoxyresorufin and pentoxyresorufin were 
used as markers for CYPlAl, CYP1A2 and CYP2B activities respectively. Black tea 
caused a decrease in the hepatic microsomal O-dealkylation of ethoxyresorufin 
(Figure 6.11). The addition of milk to the tea brew had no effect on the decrease in 
enzyme activity. After centrifugation of the tea and milk mixture, the suppression of 
enzyme activity decreased as the volume of milk added to the tea brew increased 
(Figure 6.11). The reverse effect was apparent when the resuspended pellet was 
analysed in the same assay. As the volume of milk added to the tea brew increased 
the suppression of the hepatic microsomal O-dealkylation of ethoxyresorufin became 
more pronounced (Figure 6.11).
The hepatic microsomal 0-dealkylation of methoxyresorufin was significantly 
suppressed by black tea (Figure 6.11) and the addition of milk to the tea brew had no 
obvious effect. The supernatant and resuspended pellet both displayed a similar 
degree of enzyme inhibition. The addition of milk had no efifect on the inhibition of 
the microsomal O-dealkylation of methoxyresorufin by the resuspended pellet
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Figure 6.11 Impairment of mixed function oxidase activity by black tea with added 
milk
Studies were conducted using pooled microsomes from Aroclor 1254-induced rats. 
Tea and milk, supernatant or resuspended pellet (5, 6 and 10 pi for methoxy-, ethoxy- 
and pentoxyresorufin respectively) was added to the incubation. Results reflect the 
average o f two determinations.
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(Figure 6.11). As the volume of milk added to the tea brew increased, there was a 
slight but reproducible decrease in the inhibition of the O-dealkylation of 
methoxyresorufin by the supernatant (Figure 6.11).
A significant reduction in the hepatic O-dealkylation of pentoxyresorufin was caused 
by the addition of black tea (Figure 6.11). The addition of an increasing volume of 
milk to the tea brew slightly attenuated the decrease in enzyme inhibition. The 
supernatant performed with the same efficacy as the tea brew with no added milk but 
when milk was added, the enzyme inhibition by the supernatant decreased, returning 
to control levels after addition, of 200 pi milk to 2500 pi tea. Interestingly, the 
resuspended pellet caused a concentration-dependent decrease in the hepatic 
microsomal O-dealkylation of pentoxyresorufin after the addition of more than 100 pi 
milk to 2500 pi tea (Figure 6.11).
6.4.3 Analysis of tea and milk mixture by HPLC
Tea and milk samples were prepared as described previously (section 6.3.1). The milk 
and tea mixtures were centrifuged (13,000 g  for 20 min) and the resulting 
supernatants analysed by HPLC.
6.4.3.1 HPLC analysis o f black tea and decaffeinated black tea with added milk
As the volume of milk added to black tea or decaffeinated black tea increased, the 
levels of thearübigins (TR), flavonol glycosides (FG) and theafiavins (TF) in the 
corresponding supernatants all decreased (Figure 6.12).
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Figure 6,12 HPLC analysis o f black tea and decaffeinated black tea following the 
addition of milk
An aliquot (100 fjl) o f the supernatant was injected onto the column and 
chromatographed as described in section 6.3.2. Detection was monitored with UV 
absorption set at 360 nm.
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6,4,3.2 Analysis o f green tea and milk supernatant by HPLC
The addition of increasing volumes of milk to green tea had no significant effect on 
the quantity of gallic acid, (-)-epicatechin or (+)-catechin in the supernatant (Figure 
6.13). The amount of (-)-epigallocatechin gallate and (-)-epicatechin gallate in the 
supernatant decreased in a concentration-dependent manner as the volume of milk 
added to the tea brew increased (Figure 6.13). There was also a decrease in the 
quantity of (-)-epigallocatechin in the supernatant but only from samples derived 
from the tea brew with the highest volume of milk (Figure 6.13).
6.5 DISCUSSION
In order to effectively evaluate epidemiological studies and information concerning 
the biological effects of tea consumption, it is essential to have sufficient data on the 
pharmacokinetics and bioavailability of tea polyphenols. It is also of great benefit to 
have a good knowledge of factors that may effect the bioavailability and/or 
pharmacokinetic characteristics of tea polyphenols. For example, an external factor 
which decreases the bioavailability of the polyphenols present in tea, may also 
decrease the potential health benefits associated with tea consumption (Leenan et aL, 
2000; Van bet Hof et al., 1998). One such external factor that may influence the 
bioavailability of tea polyphenols is the addition of milk, which is common practice 
in the UK (Van bet Hof et al., 1998). It has been postulated that milk is added to 
black tea in order to alter the astringent taste of the beverage (Sanderson et al., 1976). 
The mechanism for this was suggested to be an interaction between milk proteins and 
polyphenols present in tea making the tea less astringent on the tongue than black tea
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Figure 6.13 Analysis of green tea and milk supernatant by HPLC
An aliquot (100 pd) o f the supernatant was injected onto the column and 
chromatographed as described in section 3.3.3.1. Detection was monitored with UV 
absorption set at 280 nm.
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without added milk (Sanderson et al., 1976). The interaction between milk proteins 
and tea polyphenols has been reported previously (Luck et al., 1994; Brown & 
Wright, 1963).
In studies investigating urinary excretion of phenolic compounds following the 
consumption of black tea by humans, it was reported that the excretion of hippuric 
acid was essentially the same after consumption of black tea and milk as after black 
tea alone (Clifford et al., 2000). Since hippuric acid generation requires gut 
microfloral metaboHsm of black tea phenols, this complements data on flavonoids 
that have been absorbed intact (Clifford et al., 2000; Van het Hof et al., 1998).
Direct experimental evidence suggesting that the addition of milk to black tea 
modulates the absorption of polyphenols in humans is lacking. It has been suggested 
that milk proteins could bind to polyphenols present in black tea, thus decreasing 
their absorption from the gastrointestinal tract (Hertog et al., 1997). In support of this 
hypothesis, it was reported that the addition of milk to black tea abohshed increases 
in plasma antioxidant activity recorded after the consumption of black tea without 
milk (Serafini et al., 1996). However, it has also been reported that„consumption of 
black tea, either as a single cup or routinely over a period of four weeks, in both cases 
without milk, failed to elevate plasma antioxidant activities in humans (Van het Hof 
et al., 1997; Maxwell & Thorpe, 1996).
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Despite these findings, there is no experimental evidence to suggest that milk inhibits 
the absorption of tea antioxidants in humans, based on the direct measurement of tea 
flavonoids in blood. Direct measurement of blood levels of tea flavonoids showed 
that the addition of milk to green tea or black tea had no effect on blood levels of (+)- 
catechin, (-)-epicatechin, (-)-epigallocatechin, (-)-epigallocatechin gallate and (-)- 
epicatechin gallate (Van het Hof et al., 1998). These workers also reported that the 
addition of milk to either green or black tea failed to alter the bioavailability of tea 
flavonoids.
It is important to note that the conflicts relating to plasma antioxidant potential may 
be, at least in part, due to differences in methodologies used in individual studies 
(Michiels et al., 1993). For example different methods measure different substances 
i.e. ferric reducing ability of plasma (FRAP) (Leenan et al., 2000) or lipid 
peroxidation induced by ferf-butyl hydroperoxide (Yoshino et al., 1994). The 
different methods of measuring may also operate by different mechanisms i.e. some 
by radical scavenging (Yen & Chen, 1998) and others by inhibition of radical 
generation (Saint-Cricq de Gaulejac et al., 1999). Therefore, some methods may be 
susceptible to enzyme inhibitors and others to metal chelators. Finally, plasma 
phenols may add only a little on top of already existing plasma antioxidant potential 
and, therefore, it may be difficult to demonstrate convincingly increases in plasma 
antioxidant activity by phenols if results lack precision.
There is increasing evidence supporting the antimutagenic potential of both green and 
black tea (Bu-Abbas et al., 1996; Wang et al, 1994; Pingzhang et al., 1994; Narisawa
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& Fukaura, 1993). However, to date there is only one published study investigating 
the effect of the addition of milk on the antimutagenic potential of tea (Weisburger et 
al., 1997). For these reasons it was deemed pertinent to investigate the effect of the 
addition of milk on the antimutagenic activity of tea.
6.5.1 The effect of the addition of milk on the antimutagenic activity 
of black tea
Skimmed pasteurised milk exhibited no mutagenic activity in the Ames assay with or 
without metabohc bioactivation. Similarly, milk failed to modulate the mutagenicity 
of IQ. Therefore, any modulation of the mutagenic responses ehcited by the model 
mutagens employed in these studies were not due directly to any component(s) 
present in the milk. The possibility that a change in mutagenic response may be due 
to an interaction between component(s) in milk with component(s) in tea remains 
viable.
The addition of increasing volumes of milk to black tea had no effect on the 
antimutagenic activity of the tea when IQ, PhIP, or MNNG served as the model 
mutagens. When the tea and milk mixture was centrifuged, the antimutagenic activity 
in the resulting supernatant and the resuspended pellet remained unchanged when 
MNNG, a direct-acting mutagen, served as the model carcinogen. Therefore, milk 
had no effect on the component(s) present m black tea responsible for the scavenging 
the electrophilic mutagen MNNG. When 9-aminoacridine was employed as the model 
mutagen, addition of more than 200 pi of milk to 2500 pi of tea decreased the 
antimutagenic capability of the tea and milk mixture. The antimutagenic activity of
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the supernatant and resuspended pellet was almost identical but unlike the tea and 
milk mixture, remained essentially unchanged as the volume of milk added to the tea 
brew increased. Therefore, the electrophile scavenging capability of black tea was, in 
this case, reduced by the addition of milk.
It has been reported previously that aqueous extracts from black tea contain 
nucleophilic components capable of scavenging electrophiles (Bu-Abbas et ah, 
1996). These workers showed that extracts from black tea decreased the mutagenic 
response elicited by 9-aminoacridine in the Ames assay, presumably by chemical 
interactions between nucleophilic components of the tea and the electrophile 9- 
aminoacridine. Similar effects were observed in the present studies, however, the 
addition of milk to the black tea brew reduced the electrophile scavenging activity of 
the tea brew. Interestingly, the addition of increasing volumes of milk to black tea 
had no effect on the electrophile-scavenging capabilities of the brew when MNNG 
served as the model mutagen. It is likely, therefore, that there is more than one 
component present in black tea responsible for scavenging electrophihc compounds, 
and a component may show preference for a particular electrophile.
When the heterocychc amines IQ and PhlP were employed as the mutagens, milk 
addition failed to influence the antimutagenic potential of tea. This is in agreement 
with the observation that the presence of milk in tea failed to modulate the inhibitory 
effect of tea in the CYPl A2-mediated activities of methoxy- and ethoxy- resorufin O- 
dealkylations. The lack of effect of milk is surprising in view of the fact that 
theafiilvins are, to a large extent, responsible for the antimutagenic activity of black
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tea (Catterall et al., 1998) and the levels of these, as shown by HPLC, were reduced 
by the presence of milk. However, the loss of TFu by milk is modest and it is possible 
that the remaining levels are still capable of complete inhibition of mutagenicity. 
With the benefit of hindsight, it would have been informative to use a series of 
concentrations of tea in the activation system, rather than a single high concentration 
of 100 pl/plate.
The addition of milk to black tea had no effect on the antimutagenic response elicited 
when benzo[a]pyrene served as the model mutagen. After centriftigation of the tea 
and milk mixture, the supernatant performed with similar efficacy as the tea and milk 
mixture. The antimutagenic activity of the resuspended pellet was markedly lower 
than that of the tea brew on its own, but increased in the presence of milk, but the 
effect was not related to the concentration of milk. A component(s) present in tea, 
partly responsible for the antimutagenic activity of the brew, was removed with the 
milk and remained biologically active in the resuspended pellet.
Black tea brew, supernatant and resuspended pellet all potentiated the mutagenic 
response ehcited by AZ-nitrosopyrrohdine. A similar effect was observed in previous 
studies (see chapter 5) between A/-nitrosopyrrolidine and dietary procyanidins. The 
addition of increasing volumes of milk to black tea decreased the synergistic rise in 
mutagenicity between the tea brew and the nitrosamine. A similar decrease was 
observed when the supernatant was evaluated. As the volume of milk added to the tea 
brew increased, so the potentiation of the mutagenicity displayed by N- 
nitrosopyrrohdine by the resuspended peUet also increased. Previous studies (chapter
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5) failed to identify the mechanism(s) responsible for the synergism observed 
between AZ-nitrosopyrroHdine and the polyphenols. Despite this, however, it was 
suggested that the polyphenols were having a direct efifect on the bacteria used in the 
Ames mutagenicity assay possibly by facilitating the covalent binding of the ultimate 
carcinogen to the bacterial DNA. The addition of milk to black tea appears to have 
interfered with this process.
6.5.2 The effect o f the addition o f m ilk on the antim utagenic activity  
of decaffeinated black tea
Studies were repeated as described in section 6.5.1, except the decaffeinated black tea 
replaced black tea, in order to investigate the role of caffeine on the antimutagenic 
activity of the tea and milk mixture. Decaffeinated black tea whole brew, supernatant 
or resuspended pellet performed with similar efficacy as normal black tea whole 
brew, supernatant and resuspended pellet with all model mutagens employed in this 
study, with one exception. This is not surprising since decaffeinated black tea, similar 
to ‘normal’ caffeine-containing black tea, suppressed CYPl A activity to a similar 
extent (Bu-Abbas et al., 1996) and the addition of milk had the same effect in 
reducing the levels of the various polyphenohcs in black tea (Figure 6.12).
The modulation of the mutagenicity of AZ-nitrosopyrroHdine was markedly different 
after evaluation with decaffeinated black tea compared with the ‘normal’, caffeine- 
containing, black tea in the Ames mutagenicity assay. The addition of milk to 
decaffeinated black tea had no significant effect on the mutagenic activity displayed 
by AZ-nitrosopyrrohdine. The synergistic increase in mutagenic response observed
224
Chapter 6________________________ The effect o f milk addition on the antimutagenic potential of tea
with normal black tea and the nitrosamine was not evident with decaffeinated black 
tea. As the volume of milk added to the decaffeinated tea brew increased, the 
antimutagenic activity of the supernatant decreased. Therefore, it is possible that 
caffeine plays a role in the synergistic increase in the mutagenicity between black tea 
and AZ-nitrosopyrrohdine. Repeating this study but replacing black tea and 
decaffeinated black tea with recaffeinated black tea (i.e. decaffeinated black tea with 
caffeine added) may clarify this hypothesis. However, in previous studies (see chapter 
5), isolated polyphenols produced a synergistic increase in the mutagenic response 
ehcited by AZ-nitrosopyrrohdine and, therefore, no caffeine was available to 
participate in the synergistic effects observed.
The process known as ‘cream’ formation is well known in the tea industry (Smith,
1968) and is essentially the formation of a complex between caffeine with theaflavins 
(TF) and thearubigins (TR) (Roberts, 1963). It is conceivable that the biological 
activity of TF and/or TR may be altered by the formation of ‘cream’ in caffeinated 
black tea. It has been shown previously that both TF and TR have antimutagenic 
activity (Apostolides et al., 1997; Weisburger et al., 1996; Yoshino et al., 1994), and 
therefore, if either or both of these fractions are inactivated by the formation of 
‘cream’ then other component(s) present in the tea may then predominate 
biologically, resulting in the synergistic increase in mutagenicity observed. This 
speculative mechanism however, is unlikely, as changes would have also been 
expected with the other indirect-acting model mutagens employed in these studies, if 
TF and TR were biologically unavailable. Further investigations are required to 
identify the mechanism for the differences observed between black tea and
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decaffeinated black tea when AZ-nitrosopyrrolidine is employed as the model mutagen. 
Previous studies have shown that TFu, a TR constituent of black tea, suppressed the 
mutagenic response ehcited by both AZ-nitrosopyrrohdine and AZ-nitrosopiperidine 
(see chapter 3).
6.5.3 The effect of the addition of milk on the antimutagenic activity 
of green tea
The effect of the addition of milk on the antimutagenic potential of green tea was 
evaluated using IQ and MNNG as the model mutagens. Green tea whole brew, 
supernatant and resuspended peUet produced results similar to caffeine-containing 
and decaffeinated black tea with IQ and MNNG. The addition of increasing volumes 
of milk to green tea had no effect on the antimutagenic activity of the tea. When milk 
and tea mixture was centrifuged, the antimutagenic activity of the supernatant and the 
resuspended pellet remained unchanged when MNNG served as the model mutagen. 
Therefore, milk had no effect on the nucleophilic component(s) present in green tea 
responsible for scavenging thé electrophilic mutagen MNNG. Since there was no 
change in antimutagenic activity in the supernatant or the resuspended pellet, the 
component(s) present in the tea responsible for the scavenging of the electrophilic 
mutagen MNNG remained biologically active in both subfractions of the original tea 
brew.
The antimutagenic activity of green tea towards IQ was unaffected by the presence of 
milk, even at high concentrations of the latter. Bearing in mind that the levels of the 
gallated flavanols were drastically reduced, it may be inferred that these compounds
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do not play a role in the antimutagenic activity of green tea, in concordance with 
previous findings (Bu-Abbas et al., 1996).
6.5.4 Modulation of mixed function oxidase activity by black tea with 
added milk
The addition of milk to tea had a minor effect on the mutagenic response elicited by 
the direct-acting mutagens MNNG and 9-aminoacridine. The effects of milk on the 
antimutagenic activity of the three types of tea evaluated in this study were, generally, 
more pronounced when indirect-acting compounds served as the model mutagens. 
For this reason, using caffeine-containing black tea as representative, tea and milk 
samples were prepared as before and analysed in assays used as probes for 
cytochrome P450 enzyme activity.
Tea and milk mixtures, supernatants and resuspended pellets were added to assays 
employing ethoxy-, methoxy- and pentoxy- resorufin as substrates. The O- 
dealkylations of these substrates were used as probes for CYPlAl, 1A2 and 2B 
isoenzyme activities respectively (Namkung et al., 1988; Lubet et al., 1985). The 
addition of caffeine-containing black tea inhibited the O-dealkylations of ethoxy- 
methoxy- and pentoxy- resorufin to varying extents as previously reported (Bu-Abbas 
et al., 1996). Methoxyresorufin O-demethylase activity was almost completely 
inhibited, pentoxyresorufin O-depentylase activity was reduced by approximately 
60% and ethoxyresorufin O-deethylase activity reduced by approximately 50% by 
black tea. The addition of milk to black tea had no effect on ethoxyresorufin O- 
deethylase or methoxyresorufin O-demethylase activity but attenuated moderately the
227
Chapter 6________________________The effect o f milk addition on the antimutagenic potential o f tea
inhibition of pentoxyresorufin O-depentylase activity as the volume of milk added to 
the tea increased. After centrifugation, the inhibition of all three enzymes by the 
resulting supernatant was reduced as the volume of milk added to the brew increased. 
In contrast, when the resuspended pellets were evaluated, the inhibition of 
ethoxyresorufin O-deethylase and pentoxyresorufin O-depentylase enzymes 
decreased as the volume of milk added to the tea brew increased. The activity of 
methoxyresorufin O-demethylase remained unaltered by the resuspended pellet as the 
volume of milk added to the tea brew increased.
These observations suggest that the centriftigation of black tea resulted in the 
removal, at least in part, of component(s) ft-om the tea, which were responsible for the 
inhibition of CYPlAl, 1A2 and 2B. The components removed remained biologically 
active in the resuspended pellet.
6.5.5 HPLC analysis of tea after centrifugation
In an attempt to identify the components removed fi*om black tea, decaffeinated black 
tea and green tea after centrifugation, the supernatants were analysed by HPLC.
6.5.5.1 HPLC analysis o f black and decaffeinated black tea supernatant after 
centrifugation
Due to the relative difficulties in identification of individual polyphenols in black tea, 
three classes of polyphenols were investigated in the case of black and decaffeinated 
black tea. These were flavonol glycosides, theaflavins and thearubigins. The addition 
of increasing volumes of milk to both black tea and decaffeinated black tea resulted
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in decreases in quantity of theaflavins, flavonol glycosides and thearubigins in the 
resulting supernatant. It is, therefore, possible that these compounds are, at least in 
part, responsible for the antimutagenic effects observed when IQ served as the model 
mutagen in the present studies. These polyphenols were removed from black and 
decaffeinated black tea by centrifugation but remained biologically active in the 
resuspended pellet. This corresponds with the results from the enzyme assays used as 
probes for CYPlAl, CYP1A2 and CYP2B used in this study.
6.5.S.2 HPLC analysis o f green tea supernatant after centrifugation
The polyphenohc composition of green tea is better understood and for this reason six 
major (poly)phenols present in green tea were investigated in studies aimed at the 
identification of components present in green tea interacting with milk. The green tea 
(poly)phenols investigated were; (+)-catechin, (-)-epicatechin, (-)-epicatechin 
gallate, (-)-epigallocatechin, (-)-epigallocatechin gallate and gallic acid.
Only the levels of (-)-epigallocatechin, (-)-epigallocatechin gallate and (-)- 
epicatechin gallate decreased as the volume of milk added to green tea increased. The 
antimutagenic activity of the supernatant produced after centrifugation of the green 
tea and milk mixture decreased as the volume of milk added to the tea increased. 
Since HPLC analysis was carried out using the supernatant, it is possible that the 
reduced antimutagenic activity of green tea supernatant, when IQ served as the model 
mutagen, may be due, in part, to the reduced levels of either (-)-epicatechin gallate, 
(-)-epigallocatechin or (-)-epigallocatechin gallate or a combination of all three 
caused by the addition of milk to the tea. Alternatively, the antimutagenic activity of
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green tea may be manifested by components other than those investigated in these 
studies. The relevance of these findings to humans is small, as milk is not routinely 
consumed in green tea.
6.6 SUMMARY
Generally, the addition of milk to black tea, decaffeinated black tea or green tea had 
only minor effects on the antimutagenic potential of the tea brews. The only 
exceptions to this were: -
a) when 9-aminoacridine served as the model mutagen with both black and 
decaffeinated black tea, addition of increasing volumes of milk to the tea 
decreased the antimutagenic activity of the brews.
b) with AZ-nitro sopyrrolidine, black tea caused a synergistic increase in the 
mutagenic response elicited by the nitrosamine. The addition of increasing 
volumes of milk decreased this effect.
HPLC analysis of the supernatants of both black tea and decaffeinated black tea, after 
centriftigation, revealed that the quantities of theaflavins, flavonol glycosides and 
thearubigins decreased as the volume of milk added to the tea brews increased. When 
IQ served as the model mutagen, the antimutagenic activity of the tea and milk 
mixture, after centriftigation, decreased as the volume of milk added to the tea. 
increased. It is possible therefore, that it is one or more of these groups of 
polyphenols present in black tea which are responsible for the antimutagenic effects 
observed in these studies. Previous studies have shown that theafiilvins are 
antimutagenic against indirect-acting model dietary carcinogens (see chapter 3) and
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that the antimutagenic effects observed are mediated by inhibition of the cytochrome 
P450 isoenzymes responsible for the bioactivation of the mutagens (Catterall et al., 
1998).
When green tea supernatant was analysed by HPLC, the quantities of (-)-epicatechin 
gallate, (-)-epigallocatechin and (-)-epigallocatechin gallate decreased as the quantity 
of milk added to the tea brew increased. The quantities of gallic acid, (+)-catechin, 
and (-)-epicatechin in the supernatant essentially remained unchanged as the volume 
of milk added to the tea brew increased. The relevance of these findings in vivo, in 
humans, is questionable because green tea is not routinely consumed with milk 
added. Also, the catechins are likely to still be absorbed and may remain biologically 
active even if milk was added to the tea as reported previously (Van het Hof et al., 
1998).
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7.1 INTRODUCTION
The growing scientific interest in diet, particularly the consumption of tea, in relation 
to disease prevention has led to worldwide efforts to identify the components in food 
and drink responsible for the beneficial effects to human health. In the case of tea, in 
particular green tea, a class of compounds termed flavonoids are thought to play an 
important role in the reduction of cardiovascular disease and cancer morbidity 
(Leenan et ah, 2000; Ahmad et al., 1998; Bu-Abbas et al., 1996; Yang & Wang, 
1993). The major flavonoids present in green tea include (-)-epigallocatechin gallate 
(EGCG), (-)-epigallocatechin (EGG), (-)-epicatechin gallate (EGG), (-)-epicatechin 
(EG) and (+)-catechin (G) (Richelle et al., 1999; Gonstable et a l, 1996) (See table 
1.1, chapter 1).
To date there have been a number of epidemiological studies suggesting that the 
consumption of either black or green tea is associated with a reduced risk of 
degenerative diseases such as cardiovascular disease (Keli et al., 1996; Hertog et al., 
1993). Furthermore, there has been consistent evidence for the inhibition of a number 
of physically- and chemically- induced cancers, by both black and green tea, in 
experimental animals (Ahmad et al., 1998; Yang et al., 1997; Yang & Wang, 1993). 
Despite the inhibition of tumourigenesis by tea in many animal models, studies 
concerning the effects of tea consumption on the incidence of human cancers have 
been inconclusive. Some epidemiological studies have suggested that tea ingestion 
lowers cancer risk (Yang et al., 1996; Gao et al., 1994; Zheng et al., 1966) whilst 
other studies have reported an enhancing effect (Hertog et a l, 1997; Hu et al, 1994; 
Mizuno et al., 1992). Moreover, a number of studies have reported that tea
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consumption has no effect on cancer incidence (Goldbohm et a l, 1996; Hansson et 
al, 1993), Hence, results from epidemiological studies investigating the relationship 
between cancer incidence and tea consumption are inconclusive.
A possible reason for the inconsistencies in the epidemiological data may be the lack 
of quantitative data. There may be marked species differences in the bioavailability 
and pharmacokinetic characteristics of the biologically active components of tea in 
humans and animals (Chen et a l, 1997). Even in the animal studies, information 
regarding the absorption, distribution, metabohsm and elimination of green tea 
polyphenols is limited and it has been suggested that this is, at least in part, the reason 
for the limited understanding of the mechanisms involved in the inhibition of 
tumourigenesis by tea (Chen et a l, 1997).
One polyphenol present in tea, (+)-catechin, has received considerable attention 
because of its pharmacological use. The flavanol (+)-catechin (3,3',4',5,7- 
pentahydroxyflavan; Cyanidanol-3) was used in the treatment of acute viral hepatitis 
and the pharmacokinetic characteristics of this compound are well documented (Shaw 
et al., 1982; Shaw & Griffiths, 1980; Das, 1971; Das & Griffiths, 1969; Griffiths, 
1964). However, it is important to note that these studies were carried out using high, 
pharmacological doses of (+)-catechin unlikely to be routinely consumed by humans 
in the diet. The pharmacokinetic characteristics of (-)-epicatechin, which is present at 
higher concentrations than (+)-catechin in tea brews, were not investigated in these 
early studies (Harbowy & Balentine, 1997).
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Recently, the pharmacokinetics of (-)-epicatechin has received more attention (Kim 
et al., 2000; Richelle et al., 1999; Harada et al., 1999; Okushio et al., 1998; Chen et 
a l, 1997). However, similar to the previous studies investigating (+)-catechin, the 
doses of (-)-epicatechin employed were much higher than those likely to be routinely 
consumed in the diet.
It has been reported that catechins and their microbial degradation products are well 
absorbed after oral administration, as evaluated by excretion of 47-58% of total 
administered radioactivity into the urine of rats and guinea pigs (Das & Griffiths,
1969). In contrast to these findings, only 2% of ingested catechins was recovered in 
the urine of man when studying the absorption characteristics of flavonoids fi*om 
green tea (Lee et a l, 1995). It has been suggested that the absorption characteristics 
of catechins fi'om different food matrices may vary (Richelle et al., 1999). The recent 
studies evaluating the pharmacokinetics of (-)-epicatechin have either employed high 
doses (Harada et al., 1999; Chen et al., 1997), used fasted rats (Okushio et a l, 1998; 
Harada et al., 1999) or investigated absorption fi*om green tea (Kim et a l, 2000; Chen 
et al., 1997) or chocolate (Richelle et al., 1999). Therefore, the pharmacokinetic 
characteristics of (+)-catechin and (-)-epicatechin at dietary doses under ‘normal’ 
dietary conditions remain to be evaluated.
It is difficult to establish the precise level of dietary intake of (+)-catechin and (-)- 
epicatechin by humans due to the diversity of foods and beverages in which these 
flavanols are present. In addition, varying dietary habits both within and between 
populations have compounded this problem. Total dietary flavanoid intake by humans
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has been reported to be 23 mg/day in the Netherlands (Hollman & Katan, 1999) and 
115 mg/day in the USA (Kühnau, 1976). More recent studies have suggested that 
flavanol, flavonol and flavone intake varies as much 10-fold between countries, 6-60 
mg/day (Hollman & Arts, 2000). The major sources of flavonols and flavones in the 
diet of a Dutch population were found to be tea (48% of total intake), onions (29%) 
and apples (7%) (Hollman & Katan, 1999).
Due to the lack of data regarding the pharmacokinetic characteristics of (+)-catechin 
and (-)-epicatechin at doses likely to be achieved from habitual dietary consumption, 
it was deemed pertinent to investigate the pharmacokinetics of (+)-catechin and (-)- 
epicatechin in the rat at much lower doses than previously investigated. Therefore, a 
dose equivalent to four cups of tea (scaled down adjusting for body weight) was 
administered. It was decided to feed rats ad libitum a standard rodent diet and allow 
free access to water so as to mimic the human scenario as closely as possible.
7.2 OBJECTIVES OF THIS STUDY
The principal objectives of this study were: -
a) to define the pharmacokinetic characteristics of (+)-catechin and (-)-epicatechin 
in the rat.
b) to determine the bioavailability of (+)-catechin and (-)-epicatechin in the rat 
following oral administration by gastric gavage.
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7.3 MATERIALS AND METHODS
7.3.1 Acquisition of ^ H-(+)-catechin and ^H-(-)-epicatechin
A mixture of ^ H-(+)-catechin and ^H-(-)-epicatechin was kindly provided by Stephan 
Buffiioir and Christian Rolando, (University of Lille, France). The synthetic 
precursor, catechone, was reduced with tritium at the University of Surrey. Chemical 
structure of the synthesised polyphenols was determined by NMR and purity checked 
by HPLC (Figure 7.2). Both (+)-catechin and (-)-epicatechin were ring labelled with 
tritium. The location of the label is shown in Figure 7.1. It was not possible to 
confirm radioactive purity of the compounds due to unavailability of appropriate 
equipment.
OH OH
OH OH
HO
OH
OH
OH OH
(+)-Catechin (-)-Epicatechin
T = Tritium
Figure 7.1 Structures of (+)-catechin and (-)-epicatechin showing the position of 
label
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Figure 7,2 HPLC separation of (+)-catechin and (-)-epicatechin
^H-(+)-catechin and ^H-(~)-epicatechin mixture (100 pi) was injected onto the 
column and chromatographed as described in section 7.2.2. (Chart A). Commercially 
purchased (+)-catechin and (-)-epicatechin were individually made up to a final 
concentration o f 50 pg/ml, mixed together and an aliquot o f 100 pi injected onto the 
column as before (Chart B). Detection was monitored with UV absorption set at 280 
nm.
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73,1.1 Separation of^H^(+)-catechin and ^ H-(-)-epicatechin by HPLC
The mixture of tritiated (+)-catechin and (-)-epicatechin was dissolved in RO water, 
aliquoted and freeze-dried. Dry samples were stored in the dark at -20 °C until use. 
The (+)-catechin and (-)-epicatechin mixture was separated by HPLC (Figure 7.2, 
chart A). The mixture was dissolved in RO water (500 pi) and 100 pi manually 
injected onto the column, which was connected to a Waters 6000A pump and a 
Waters 660 solvent programmer. Separation was achieved using a column (10 cm x 
4.6 cm) packed with Hypersil 3 pm CDS (Hichrom Ltd., Berkshire, UK) and eluted 
using the following system:
0.5% (v/v) acetic acid
Solvent A
25 minutes 0.5% (v/v) acetic acid
------------------ ^  30% (v/v) acetonitrile
Gradient 2 Solvent B
Solvent flow rate: =1.0 ml/min
Eluting peaks were detected by a Waters UV detector recording at 280 nm. The 
chromatographic data were collected and processed using an IBM PS/2 computer 
equipped with Spectra FOCUS software. Commercially purchased (+)-catechin and 
(-)-epicatechin (50 pg/ml) were run under the same conditions to check purity and 
retention times of the ^H-compounds (Figure 7.2, chart B).
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The ^H-(+)-catechin and ^H-(-)-epicatechin peaks were collected in suitable glass 
vessels and dried using a rotary evaporator. Each polyphenol was then dissolved in 
1.0 ml saline (0.9% NaCl [w/v]) and a small volume removed for measurement of 
radioactivity using a scintillation counter (Wallac 1410 liquid scintillation counter, 
Milton Keynes, UK). Samples were then stored in the dark at -20 until required. 
The specific activity for both ^H-(+)-catechin and ^H-(-)-epicatechin was provided 
with the compounds and was 4.178 mCi per mg of flavonoid.
7.3.2 Animal pretreatment
Male Wistar albino rats, specific pathogen free (SPF), 230-250 g (B & K universal 
Ltd., Hull UK), were used in all studies. The animals were kept in controlled 
conditions as described previously (section 2.2.1) and housed individually in either 
stainless steel metabolic cages (urine and faeces collection) or in standard plastic 
rodent cages (blood collection). Animals were given free access to water and standard 
rodent diet (B & K Universal Ltd., Hull, UK). An acclimatisation period of one week 
was allowed before dosing commenced.
7.3.2.1 Animal dosing regimens
Animals were dosed with the flavanol by either intragastric gavage or intravenous
injection. ‘Cold’ (+)-catechin/(-)-epicatechin was added to the radiolabelled
compounds in order to achieve a dietary dose. This was calculated using the
following criteria: A 2.5% (w/v) brew of black tea contains approximately 29 pg/ml
(+)-Catechin and 225 pg/ml (-)-epicatechin (Harbowy & Balentine, 1997). Four mugs
of tea, approximate average consumption for UK (Van bet Hof et al., 1998), is about
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1400 ml in volume and is consumed by a 70 kg male human. This is equivalent to 41 
mg (+)-catechin and 315 mg (-)-epicatechin per day. For a 250 g rat this is equivalent 
to 0.145 mg (+)-catechin and 1.125 mg (-)-epicatechin per day. The radioactive dose 
given in each study was between 15 and 30 pCi per animal. Before intravenous 
dosing, animals were given anaesthetic (Sagatal 60 mg/kg by intraperitoneal 
injection) and then animals dosed with the polyphenol via the caudal vein.
7.3.3 Collection of urine, faeces and blood samples
Immediately after dosing, animals were returned to their respective cages. Urine and 
faeces were collected in one study, whereas in a second study blood samples were 
collected at regular time points. After collection, urine samples were stored at -20 
until required. Faeces samples were weighed and then homogenised (using a 
Polytron™) and diluted (10% w/v) using KCl (1.15% w/v). An aliquot of this 
homogenate was removed and stored at -20 until required.
Approximately 2 mm fi-om the end of the tail was removed with a scalpel blade and 
blood samples collected at regular time intervals. The tail was gently heated in warm 
water to increase blood flow. Approximately 250 pi of blood was collected at each 
time point, directly into lithium-heparinised centrifuge tubes. Blood samples were 
stored at 2-5°C until required.
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7.3.4 Analysis of urine, faeces and blood samples by liquid 
scintillation counting
Aliquots of urine (250 pi) were placed into scintillation vials and 5 ml scintillation 
cocktail (Safefluor'^^) was added. Vials were capped, mixed and the radioactivity was 
measured using a liquid scintillation counter reading each sample for 3 min. All 
analyses were carried out in triplicate.
It was necessary to digest and decolourise blood and faeces samples before the level 
of radioactivity was determined. Essentially this was done in the same way for both 
faecal and blood samples^ as follows: Homogenised faecal samples were allowed to 
defrost at room temperature. Each sample was mixed thoroughly and then aliquots 
(250 pi) were placed into scintillation vials. Aliquots (25 pi) of blood samples were 
placed into scintillation vials. Each sample was digested using Solvable™ (100 pi). 
Samples were placed in a shaking water bath set at 50 for 1 hr. They were allowed 
to cool to room temperature and then 20 pi EDTA (0.1 M) and 100 pi H2O2 (30% 
v/v) were added. The vials were placed in a shaking waterbath at 50 °C for a further 
period of 1 hr after which time they were removed and allowed to cool to room 
temperature. To each sample, scintillation cocktail was added (5 ml). Vials were then 
capped, mixed and radioactivity determined using a liquid scintillation counter as 
already described. All blood and faeces samples were prepared and counted in 
triplicate.
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7.3.5 Analysis of pharmacokinetic data
Pharmacokinetic analysis was performed using PK solutions"^^ software package 
(version 2.0, Summit Research Services, Ohio, USA). Pharmacokinetic parameters were 
calculated based on the appropriate model (Figures 7.3 and 7.4). Data fi*om each animal 
was analysed individually before calculating mean ± SD. The analysis was corrected 
for ^H-exchange with water before pharmacokinetic analysis was performed.
7.4 RESULTS
7.4.1 The urinary and faecal excretion of ^H-(+)-catechin or 
epicatechin after a single oral dose
7.4.1.1 The urinary and faecal excretion of radioactivity following a single oral dose 
of^H-(+)~catechin to rats
Following a single oral administration of ^H-(+)-catechin to rats, the radioactive 
material recovered was predominantly excreted in the faeces (80.6% ± 4.8) within the 
first 24 hr after dosing (Table 7.1). Approximately 5% of the original dose was excreted 
in the urine, of which 4.6% ± 2.8 was excreted within 24 hr after dosing (Table 7.1).
7.4.1.2 The urinary and faecal excretion o f radioactivity following a single oral 
administration of H-(-)-epicatechin to rats
Following a single oral administration of ^H-(-)-epicatechin to rats, the radioactive 
material recovered was predominantly excreted in the faeces (84.0% ± 7.2) within the 
first 24 hr after dosing (Table 7.2). Approximately 3% of the original dose was
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excreted in the urine, of which 2.5% ± 2.0 was excreted within 24 hr after dosing 
(Table 7.2).
Time after 
administration (hr)
Excretion in urine 
(% of dose)
Excretion in faeces 
(% of dose)
Total 
(% of dose)
0-24 4.6 80.6 85.2
24-48 0.4 5.5 5.9
48-72 0.2 0.4 0.6
72-96 0.1 2.2 2.3
Total (% of dose) 5.2 ± 3.1 1 88.8 ± 10.7 94.0 ± 6.9
Table 7.1 Faecal and urinary levels of H-(+fcatechin material following a single 
oral administration to rats
The urinary and faecal excretion o f ^H-(+)-catechin and/or its metabolites was 
determined in male Wistar albino rats following a single oral administration of^H- 
(+)-catechin (0.58 mg/kg, 27.8 pCi). Results are presented as the mean ± SD for 4 
rats.
Time after 
administration (hr)
Excretion in urine 
(% of dose)
Excretion in faeces 
(% of dose)
Total 
(% of dose)
0-24 2.5 84.0 86.5
24-48 0.2 5.8 6.0
48-72 0.1 0.3 0.4
72-96 0.1 0.2 0.3
Total (% of dose) 2.9 ±2.2 90.3 ±10.8 93.2 ± 6.5
Table 7.2 Urinary and faecal levels o f ^H-(-)-epicatechin material following a 
single oral administration to rats
The urinary and faecal excretion o f ^H-(~)-epicatechin and/or its metabolites was 
determined in male Wistar albino rats following a single oral administration o f ^H- 
(-)-epicatechin (4.50 mg/kg, 16.6 pCi). Results are presented as the mean ± SD for 4 
rats.
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7.4.2 The urinary and faecal excretion of ^H-(+)-catechin or 
epicatechin material after a single intravenous dose
7.4.2.1 The urinary and faecal excretion o f radioactivity following a single 
intravenous dose of ^ H-(+)-catechin
Following a single intravenous administration of ^H-(+)-catechin to rats, the 
radioactive material recovered was predominantly excreted in the faeces (60.7% ± 
16.0), 48.0% ± 12.5 of the original dose was recovered within the first 24 hr period 
after administration (Table 7.3). Approximately 36.4% ± 7.7 of the original dose was 
excreted in the urine, of which 32.8% ± 6.6 of the total radioactive dose was excreted 
within 24 hr after administration (Table 7.3).
7.4.2.2 The urinary and faecal excretion of radioactivity following a single 
intravenous administration of^H-(-)-epicatechin
Following a single intravenous administration of ^H-(-)-epicatechin to rats, more 
radioactive material recovered was excreted in the faeces (58.3% ± 9.6) compared 
with urine. Of this, 47.8% ± 5.5 of the original dose was recovered within the first 24 
hr after dosing (Table 7.4). Approximately 36.8% ± 8.6 of the total dose was excreted 
in the urine, of which 34.4% ± 8.2 of the original dose was excreted within 24 hr after 
administration (Table 7.4).
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Time after 
administration (hr)
Excretion in urine 
(% of dose) 1
Excretion in faeces 
(% of dose)
Total 
(% of dose)
0-24 32.8 1 48.0 80.8
24-48 2.0 8.1 10.1
48-72 0.9 2.8 3.7
72-96 0.7 1 1.8 2.5
Total (% of dose) 36.4 ±7.7 1 60.7 ± 16.0 97.1 ± 11.8
Table 7.3 Faecal and urinary levels of H-(+)-catechin material following a single 
intravenous administration to rats
The urinary and faecal excretion o f ^H-(+)-catechin and/or its metabolites was 
determined in male Wistar albino rats following a single intravenous administration 
of^H-(+)-catechin (0.58 mg/kg, 18.96 pCi). Results are presented as the mean ± SD 
for four rats.
Time after 
administration (hr)
Excretion in urine 
(% of dose) 1
Excretion in faeces 
(% of dose)
Total 1 
(% of dose) 1
0-24 34.4 47.8 82.2
24-48 1.2 7.6 8.8
48-72 0.7 1.9 2.6
72-96 0.5 1 1.1 1.6 1
Total (% of dose) 36.8 ± 8.6 1 58.3 ± 9.6 95.1 ± 9.1 1
Table 7.4 Faecal and urinary levels of ^H-(-)-epicatechin material following a 
single intravenous administration to rats
The urinary and faecal excretion o f ^H-(-)-epicatechin and/or its metabolites was 
determined in male Wistar albino rats following a single intravenous administration 
o f  ^ H-(-)-epicatechin (4.50 mg/kg, 21.0 pCi). Results are presented as the mean ± SD 
for four rats.
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7.4.3 Pharm^cokinetk analysis of blood data
7,4.3.1 Blood levels of^H-(+)~catechin and ^ H-(-)-epicatechin material following a 
single oral administration to rats
The pharmacokinetic profiles of ^H-(+)-catechin and ^H-(-)-epicatechin and/or 
metabolites were determined using groups of four Wistar albino rats for each 
compound. The pharmacokinetic data were analysed using a one-compartment model 
for oral dosing because it gave the best fit to the experimental data (Figure 7.3). This 
is best described by the following mathematical equation:
c  =  A X
C = plasma concentration at time t 
A = zero time intercept constant 
ka = absorption rate constant 
kei = elimination rate constant
DRUG
Central 
compartment DRUG
METABOLITES
Figure 7.3 Schematic diagram of an one-compartment modelfor oral dosing
The pharmacokinetic parameters are summarised in Tables 7.5 and 7.6 and blood 
radioactivity levels vs. time plots are presented graphically in Figure 7.5. It should be 
noted that some values presented in Tables 7.6 and 7.7 do not seem to correlate
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exactly with observed values from Figures 7.5 and 7.6 (e.g. Cma% and tmax)- This is 
because curve stripping was applied to the data using the PK solutions' '^'  ^ analytical 
software package hence, values were calculated in relation to this process and, 
therefore, may explain the small differences between calculated and observed values.
7,43.2 The pharmacokinetics of^H-(+)-catechin and ^H-(-)-epicatechin in whole 
bloodfrom Wistar albino rats following a single intravenous administration
The pharmacokinetic data were analysed using a two-compartment model for 
intravenous dosing because this gave the best fit to the experimental data (Figure 7.4). 
This is best described by the following mathematical equation:
C = D X (kî,-a)/(Vd[P-a]) x e^'+D x (k2,-p)/(Vd x [p-a]) x e**
DRUG
Central
Compartment
V
DRUG
"F
METABOLITES
Peripheral
compartment
Figure 7.4 Schematic diagram of a two-compartment modelfor intravenous dosing
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C = concentration in blood at time t 
D = dose
ki2 = rate constant for distribution from the central to the peripheral compartment
kio = rate constant for elimination from the central compartment
k]! = rate constant for distribution from the peripheral to the central compartment
a  = rate constant for distribution
P = rate constant for elimination
t = time
kd = rate constant for distribution
Vd = apparent volume of the central compartment
a  + p “  Ki2 + K21 + Kio
a  X p = K21 X Kio
Pharmacokinetic
parameters
Mean ± SD 
Oral dose
Pharmacokinetic
parameters
Mean ± SD 
IV dose
ke(hr-‘) 0.43± 0.06 kd(hr-‘) 2.78 ± 0.61
ka(hr-‘) 1.43 ±0.46 ki2 (hr"') 1.26 ±0.29
k2i (hr"') 1.27 ±0.51
t'/s (hr) 1.63 ±0.22 kio (hr"‘) 0.42 ±0.20
Cl (1/hr) 1.34 ±0.16 t'/2a (hr) 2.78 ±0.61
tmax (hr) 1.25 ±0.24 tvip (hr) 0.17 ±0.02
G1 (ml/hr) 42.99 ± 8.45
Cmax (ng/ml) 30.40 ±1.80
1.01 ±0.23Vd(lÆg)
AUG (ng-hr/ml) 113± 15 AUG (pg-hr/ml) 3.62 ±0.88
Table 7.5 The pharmacokinetic parameters of ^H-r(+)-catechin following a single 
oral or a single intravenous administration to rats
Pharmacokinetic parameters were calculated using the PK solutions'^^ software 
package. Results are presented as the average ± SD for four rats.
The blood radioactivity vs. time plots are shown in Figure 7.6 and the calculated 
parameters in Tables 7.5 and 7.6. The bioavailability for both ^H-(+)-catechin and^H-
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(-)-epicatechin was calculated by dividing the AUCorai by the AUCiv and were 3.1% 
for ^H-(+)-catechin and 4.2% for ^H-(-)-epicatechin.
The half-life for (+)-catechin after both oral and intravenous dosing was very short 
suggesting that this polyphenol is rapidly removed fi^omThe blood. The constants for 
elimination ke and kio after oral and IV dose were remarkably similar and also very 
short. Despite these similarities there were marked differences between IV and oral 
clearance rates of (+)-catechin. (-)-epicatechin behaved in much the same way as (+)- 
catechin i.e. very short i\n. and marked differences between oral and IV clearances. 
One exception to this was that there was no similarity between ke and kio after oral 
and IV doses of (-)-epicatechin.
Pharmacokinetic 
parameters
Mean ± SD 
Oral dose
Pharmacokinetic 
parameters
Mean ± SD 
rv dose
fce(hr^)
ka (hr-')
(hr)
Cl (1/hr)
Imax (hr)
Cmax (ng/ml) 
AUC (ng-hr/ml)
0.65 ± 0.05 
1.24 ±0.12
1.08 ±0.05 
1.83 ±0.11
1.1 ±0.08 
196.5 ±18.1 
617 ±38
kd (hr-') 
ki2 (hr-') 
k2i (hr-') 
kio (hr-') 
t'/^ a (hr) 
t'/^ p (hr)
Cl (ml/hr) 
Vd(IÆg)
AUC (pg-hr/ml)
3.94 ± 1.10 
1.63 ±1.36 
2.12 ±0.78
3.8 ±0.14
3.94 ± 1.10 
0.19 ±0.03
78.42 ± 15.34 
1.67 ±0.51 
14.79 ±3.08
Table 7.6 The pharmacokinetic parameters o f (-)-epicatechin following a single 
oral or a single intravenous administration to rats
Pharmacokinetic parameters were calculated using the PK solutions'^^ software 
package. Results are presented as the average ± SD for four rats.
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When comparing the blood data from both (+)-catechin and (-)-epicatechin it should 
be noted that ka, ke, tmax and distribution rate constants were all of the same order. 
However, one significant difference between the two polyphenols was the kio values. 
The Kio for (-)-epicatechin was considerably greater than the kio for (+)-catechin and 
this is reflected in the greater clearance of (-)-epicatechin and lower AUC (when 
corrected for the difference in dose of the two polyphenols).
7.4.3,3 Identification o f metabolites in blood after a single oral administration of 
^H-(+)-catechin or ^ H-(-)-epicatechin in rats
Studies were carried out to determine the extent of first-pass metabohsm after a single 
oral administration of either ^H-(+)-catechin or ^H-(-)-epicatechin in two rats. 
However, it was not possible to obtain significant and reproducible results 
demonstrating the extent of first-pass metabohsm for two main reasons. Firstly, only 
a very small quantity of radioactivity was present in the blood at any one sampling 
time point after dosing with the flavonoids, and this was below the hmit of detection 
for the radio-detector cell available on the HPLC system used in these studies.
Secondly, it was found that the ^H-label on the flavonoids exchanged with water. 
Microfloral hydrolysis, at the position of the tritium label on the flavonoids would 
generate metabolites that could exchange radioactivity with water. Although it was 
anticipated that this would occur only to a minor extent, it proved significant in these 
studies. Blood samples from rats dosed with both ^H-(+)-catechin and ^H-(-)- 
epicatechin epicatechin were dried and resuspended to their original volume with
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Figure 7.5 Blood levels o f  ^ ^H-(-^ )~catechin, ^H-(-)-epicatechin and/or metabolites 
following a single oral administration to rats
The concentration o f -catechin (chart A), ^H-(-)-epicatechin (chart B) and/or 
metabolites in whole blood was determined in rats following a single oral 
administration o f  ^ H-(+)-catechin or ^H-(~)-epicatechin (150 pg, 14.24 pCi /rat or 
1125 pg, 10.21 pCi /rat respectively). Radioactivity was determined by scintillation 
counting. Results are presented as the average ± SD for four rats.
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Figure 7.6 Blood levels of ^H-(+)-catechin and ^H-(-)-epicatechin and/or 
metabolites following a single intravenous administration to rats
The concentration o f  ^ H-(+)-catechin (chart A), ^H-(~)-epicatechin (chart B) and/or 
metabolites in whole blood was determined in rats following a single intravenous 
administration o f  ^ H-(+)-catechin or ^H-(~)-epicatechin (150 pg, 17.21 pCi /rat or 
1125 pg, 13.68 pCi /rat respectively). Radioactivity was determined by scintillation 
counting. Results are presented as the average ± SD for four rats.
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saline. The resuspended blood samples were treated as described previously (section 
7.3.4) and radioactivity measured as before. Comparison of dried blood samples with 
‘normal’ blood samples after radioactive measurement provided information on the 
level of exchange with water (Figure 7.7). The percentage of ^H-exchange with 
water from samples increased with time, after oral administration of either ^H-(+)- 
catechin or ^H-(-)-epicatechin (Table 7.7). In order to confirm the hypothesis that the 
exchange of the ^H-radiolabel with water was due to gut microfloral metabohsm, 
blood samples after IV dosing were also dried and resuspended in saline. No tritium 
exchange was evident in these samples.
Tim e after 
dosing (hr)
% as water
(+)-catechin (-)-epicatechin
0-2.5 0,00 0.00
2.5 0.00 1.60
3 17.78 24.63
4 54.93 49.79
5 77.03 71.40
6 90.08 78.95
7 95.82 92.36
8 99.47 98.90
24 99.80 99.67
Table 7.7 Percentage of^H-exchanged to water in blood samples following a single 
oral administration o f either ^ H-(+)-catechin or ^ H-(-)-epicatechin to rats
The quantity o f in blood samples (25 pi) was determined by liquid scintillation 
counting, before and after drying. Blood samples were taken from the caudal vein 
after a single oral administration o f either ^H-(+)-catechin (150 pg, 14.24 pCi) or 
^H-(~)-epicatechin (1125 pg, 10.21 pCi). Results are presented as the average o f  
triplicate determinations obtainedfrom blood pooledfrom four rats.
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Figure 7.7 Comparison of^H content in blood before and after drying following a 
single oral dose of^H-(+)-catechin or ^ H-(-)-epicatechin in Wistar albino rats
Samples o f blood (25 pi) taken at 24 hr after a single oral administration of^H-(+)- 
catechin (150 pg, 14.24 pCi) or ^H-(~)-epicatechin (1125 pg, 10.21 pCi) to Wistar 
albino rats. Samples were dried and then resuspended to their original volume in 
saline. Radioactivity was measured by liquid scintillation counting and compared 
with blood samples that had not been dried, but otherwise carried through the same 
procedure. Results reflect the average o f triplicate samples obtainedfrom the pooled 
blood o f four rats.
7.5 DISCUSSION
The potential health benefits of dietary polyphenols have received a great deal of 
attention in recent years (Leenan et a/., 2000; Ahmad et a/., 1998; Bu-Abbas et al..
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1996; Yang & Wang, 1993). Despite this however, epidemiological studies failed to 
demonstrate an unequivocal relationship between polyphenol consumption and 
cancer incidence (Yang et al., 1996; Gao et al., 1994; Zheng et al., 1966; Hertog et 
al, 1997; Hu et al, 1994). A number of reasons have been proposed to account for 
the different conclusions that have been drawn. These include difficulties with 
extrapolation of data from animal and/or in vitro studies to the human situation.
Consequently, it is essential to have good data on the polyphenol content of 
commonly consumed foods so that the habitual flavonoid consumption can be 
estimated (Hollman & Katan, 1999). It has also been suggested that there is 
insufficient information regarding the absorption, distribution, metabolism and 
excretion of dietary polyphenols, which has hampered the understanding of the role 
of these compounds in the process of tumourigenesis (Leenan et al., 2000; Okushio et 
al, \99%, Chen et al.,\991).
Previous studies have reported that between 4% and 58% of flavonoids are absorbed 
through the gastrointestinal tract depending on the nature of the flavonoid (Hollman 
& Katan, 1998). Generally, after absorption, flavonoids undergo metabohsm, for 
example sulphation, méthylation and glucuronidation leading to excretion in urine or 
bile (Hollman & Katan, 1998). Modulation of the numbers of hydroxyl groups has 
been shown to reduce the antioxidative capabilities of flavonoids in vitro (Crawford 
et al, 1961; Nanjo et al., 1996) and therefore, may limit the biological activities of 
flavonoids in vivo (Okushio et a l, 1998).
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7.5.1 Urinary and faecal excretion of radioactivity following a single 
oral administration of either ^H-(+)-catechin or ^H-(-)-epicatechin to 
rats
There was no significant difference in the urinary and faecal excretion between (+)- 
catechin and (-)-epicatechin following a single oral administration to Wistar albino 
rats. Approximately 88% of the radioactive dose was excreted in the faeces and 5% in 
the urine within 24 hr after dosing with ^H-(+)-catechin. After dosing with 
epicatechin, 90% of the radioactive dose was excreted in the faeces and 3% in the 
urine, also within 24 hr after dosing. These results suggest that these compounds are 
either rapidly excreted in the bile or, more likely are very poorly absorbed. However, 
two pieces of experimental evidence point to poor absorption. When the same dose of 
flavonoid was administered intravenously, a far higher fraction of the dose was 
excreted in the urine. Furthermore, blood analysis has showed that AUCorai was far 
lower than AUCjy. Interestingly, the percentage of each polyphenol excreted in the 
urine after an oral dose was remarkably similar to the percentage oral bioavailability 
of each compound.
Unfortunately, the facilities to perform a billiary cannulation study were not available 
and therefore, the extent of billiary excretion of either flavonoid after oral 
administration could not be established in the present studies.
In a previous study it was reported that 59% of the radioactive dose appeared in the 
urine and 36% in the faeces after a single oral administration of *"^C-(+)-catechin to 
rats (Gott & Griffiths, 1987). The dose of the flavanol used by these investigators was 
40 mg/kg, almost 70 times higher than that used in the present studies and unlikely to
257
Chapter 7___________ Pharmacokinetics of dietary doses o f (+’)-catechin and (-Vepicatechin in the rat
be routinely consumed in the diet by humans. In human subjects given a much lower 
dose of (-)-epicatechin (0.11 mg/kg), similar to the dose administered in the present 
studies, only 2% of the original dose (original compound and metabohtes) was 
recovered in the urine (Lee et a l, 1995). The latter study however, used decaffeinated 
green tea as the dosing vehicle, spiked with EGCG, EGG and EC and taken orally. 
These investigators suggested that other constituents of green tea might hinder 
metabolic processes by competing for enzyme binding sites or endogenous substrates 
required for conjugation. Furthermore, other components in green tea may compete 
for binding sites to plasma and tissue proteins, thus changing the pharmacokinetic 
characteristics of the flavonoids. Unfortunately, the quantity of the polyphenols 
excreted in the faeces was not determined in these studies (Lee et a/., 1995).
The high levels of flavonoids and/or metabolites excreted in the bile, in the present 
study, is not surprising bearing in mind their molecular weight (290, unlabelled) and 
the fact that the principal metabohtes are conjugates.
Studies aimed at identifying the metabohtes and metabolic fate of (-)-epicatechin in 
the rat after an oral dose detected three types of metabohte in the urine (Okushio et 
al., 1998). These were (-)-epicatechin, 3 '-0-methyl-(-)-epicatechin and 4'-0-methyl- 
(-)-epicatechin. Two glucuronide conjugates were also identified in the urine. These 
investigators reported that approximately 8% of the original dose of (-)-epicatechin 
was recovered in the urine as either (-)-epicatechin or metabohtes, with an intact 
flavan skeleton, within 24 hr after dosing.
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There was no significant difference in the urinary and faecal excretion between (+)- 
catechin and (-)-epicatechin following a single intravenous administration to Wistar 
albino rats. The fact that the excretion profiles of (+)-catechin and (-)-epicatechin 
were similar, following either oral or intravenous administration, would suggest that 
these isomers are subject to the same pathways of metabohsm.
7.5.2 Pharmacokinetic analysis of blood data
7,5.2,1 The pharmacokinetics of^H-(+)-catechin and ^H-(-)-epicatechin following 
a single oral administration to rats
Both ^H-(+)-catechin and ^H-(-)-epicatechm had similar absorption and elimination 
rate constants (ka) following a single oral administration. The higher Cmax and AUC 
values for ^H-(-)-epicatechin compared with ^H-(+)-catechin was due to the larger 
dose of ^ H-(-)-epicatechin administered. It is important to emphasise that analysis of 
blood samples involved measurement of total radioactivity and not of specific 
compounds, so the parameters refer to the flavonoids plus metabohtes and not just to 
the parent compound. The fact that the parameters for ^H-(+)-catechin and 
epicatechin are similar would suggest that both are metabolised through the same 
pathways. The gut micro floral metabohsm of (+)-catechin is well-documented (Gott 
& Griffiths, 1987; Das, 1969; Griffiths, 1964). The gut microfloral metabohtes would 
enter the circulation and hence, measurement of radioactivity in the blood after an 
oral dose would include a high fraction of these metabohtes, compared with the IV 
administration.
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7.5.2,2 The pharmacokinetics of^H-(+)-catechin and ^H-(-)-epicatechin following 
a single intravenous administration to rats
There was no difference in the half-life for elimination between ^H-(+)-catechin and 
^H-(-)-epicatechin following a single IV dose. The binding of polyphenols to proteins 
is well documented (Siebert et ah, 1996; Haslam, 1989; McManus et al., 1981) and 
therefore, it is likely that ^H-(+)-catechin and ^H-(-)-epicatechin would bind to blood 
serum albumin although monomeric flavanols bind weakly compared with the related 
ohgomers. In the present studies however, the Vj values of approximately 1 1/kg are 
not suggestive of significant protein binding. When ‘total’ drug is measured in blood, 
high protein binding would give a much lower Vj. A limitation of the current study is 
that the assumption has been made that plasma compounds were not significantly 
protein-bound and thus available for tissue distribution.
Since the dose was kept constant during IV and oral administration, and the animals 
were of the same age, weight and species, the clearance rates would be expected to be 
similar. This was not the case however, with a much higher clearance after oral 
dosing. As discussed previously, gut microfloral metabohsm would be expected after 
an oral dose and the calculated clearance was that of radioactivity, and it probably 
represents gastrointestinal microfloral metabohtes rather than the parent compound.
The low bioavailability indicates that these flavonoids, after oral administration of 
low doses, achieve very low blood concentrations. Bearing in mind that not ah of the 
radioactivity represents the parent compound and that a fraction of the blood level is 
likely to be protein-bound, at any one given time point a fraction will be maintained
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in bound form in the plasma, and, therefore, the tissue levels are likely to be very low. 
However, what is likely to be of importance, in the human situation, is the total load 
of dietary polyphenols. In regular tea drinkers, tea is likely significantly to contribute 
to total polyphenol intake, however, flavanols such as (+)-catechin and (-)- 
epicatechin might be quite a small percentage of the total phenol burden unless large 
amounts of green tea and/or wine are consumed (Holiman & Arts, 2000). In animal 
studies where the chemo-preventive effects of tea were demonstrated, the animals 
were continually exposed to tea as their sole drinking fluid and flavonoid levels were 
likely to be higher and sustained. Moreover, tea contains numerous other compounds, 
at least some of which may be biologically active.
7.6 Summary
At the dietary dose levels employed in the present studies, a maximum of 3% and 4% 
of (+)-catechin or (-)-epicatechin respectively was bioavailable, respectively, after 
oral administration. Therefore, it is unlikely that (+)-catechin or (-)-epicatechin 
would be absorbed in sufficient quantities to display biological effects in humans 
after the routine consumption of tea. There may be other components present in tea, 
with better absorption characteristics that may be responsible, at least partly, for the 
reported beneficial effects of tea drinking.
It must also be noted that whilst tea is probably the most important dietary source of 
(+)-catechin and (-)-epicatechin for most people, these polyphenols are present in 
varying quantities in a large variety of foods commonly consumed. Therefore, the
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i
total amount ingested on a daily basis is likely to be greater than the doses employed 
in these studies.
It was evident from the present studies that there was an exchange of the tritium label 
with water, probably due to gut microfloral metabohsm at the position of the label 
on the polyphenols. This small but significant loss of radioactivity in vivo was 
considered not to complicate the assay data due to the half-life of tritiated water in the 
rat being equivalent to 6 days and since more than 85% of the original dose was 
excreted within the first 24 hr after an oral administration.
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8 4  INTRODUCTION
A number of epidemiological studies have established beyond doubt that diets with a 
high fruit and vegetable content are beneficial to human health. Generally speaking, 
such diets have been shown to protect humans from diseases of high morbidity such as 
cardiovascular disease and cancer (Kohlmeier et al., 1997; Blot et al., 1996; Hertog et 
al., 1993; Block et al., 1992; Steinmetz & Potter, 1991). Quite understandably, this 
reahsation has led to worldwide efforts not only to identify the individual dietary 
components responsible, but also to elucidate the mechanism(s) by which these 
compounds manifest their beneficial effects.
The contribution that dietary polyphenols may make in the protection from diet-related 
cancers remains to be established. One of the major sources of dietary polyphenols in 
the human diet is tea (HoUman & Katan, 1999), and numerous experimental studies in 
animal models have shown that green tea acts as an effective anticarcinogen against 
both chemical- and radiation-induced cancers (Ahmad et al., 1998; Yang er al, 1997; 
Yang & Wang, 1993). Black tea performed with similar efficacy as green tea against 
UVB-induced tumorigenesis (in 7,12-dimethylbenz[a]anthracene-initiated) in mice 
(Wang et al., 1992, 1993). More recently, a polyphenolic fraction from black tea has 
been shown to antagonise the carcinogenicity of NNK in mice (Yang et al., 1997). 
Despite this strong experimental evidence, epidemiological studies concerned with the 
role of dietary polyphenols in the protection against human cancers are inconclusive. 
The reasons for these inconsistencies are essentially unknown but it has been suggested 
that species differences in pharmacokinetic parameters and/or bioavailability, dose, type
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of individual polyphenol evaluated and protocol design could all have influenced the 
outcome of the studies (Leenan et al., 2000; Chen et a l, 1997; Van het hof et al, 1997).
The present studies were carried out in an attempt to gain a better knowledge of the 
antimutagenic potential of individual dietary polyphenols and to define the 
mechanism(s) through which they exert their effects. Studies were carried out 
employing concentration ranges of the polyphenols likely to be consumed routinely in 
the diet. As far as practically possible, studies were performed in such a way as to 
mimic the human situation as closely as feasible: For example, black tea in the UK is 
generally consumed with milk added, therefore the antimutagenic activity of black tea 
with added milk was evaluated. Finally, the pharmacokinetic characteristics of two 
polyphenols present in tea, (+)-catechin and (-)-epicatechin, were investigated in rats at 
levels likely to be consumed by humans drinking tea.
8.1.1 Relevance of the in vitro antimutagenic activity of TFu to humans
TFu were antimutagenic in the Ames test by virtue of their abihty to decrease 
cytochrome P450 activity and, therefore, reducing the bioactivation of the promutagens. 
Whether these observations are relevant in vivo in humans remains to be elucidated and 
in the first instance wül depend on whether TFu are absorbed fi*om the GI tract. To date, 
the bioavailability of TFu has not been determined because the precise composition of 
TFu is unknown. Although information on the pharmacokinetic parameters of TFu is not 
available, data fi*om the present study suggests that TFu would be poorly absorbed fi-om 
the GI tract. For example, the bioavailability of the monomeric polyphenols (+)-catechm
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and (-)-epicatechin, in the rat, was calculated to be less than 5% for both compounds in 
the rat. TFu have a higher molecular weight than the two monomeric polyphenols and 
therefore, it would be expected that TFu would have a lower bioavailability than the 
smaller mass polyphenols.
However, the bioavailabilities of both (+)-catechin and (-)-epicatechin seem to be 
dependent on the dose administered. The present studies were carried out using doses 
likely to be achieved through dietary intake and displayed less than 5% bioavailabihty. 
Other investigators, whilst estabhshing the pharmacokinetic parameters of (+)-catechin 
at pharmacological levels, and hence much higher doses, have reported up to 58% 
bioavailability (Gott & Griffiths, 1987; Das, 1971; Das & Griffiths, 1969). Therefore, it 
may be necessary to ingest larger quantities of these particular flavanols, quantities not 
achievable through dietary intake alone but possibly attainable from polyphenolic-based 
supplements, in order for sufficient quantities to be absorbed from the GIT and enter the 
tissues in sufficient concentrations to exert the biological activities observed in vitro.
8.1.2 Potential health impact of an excessive polyphenol intake
It is important to note that relatively little work has been published on the potential 
toxicological aspects of dietary polyphenol intake. The present study investigating the 
synergism between TFu and aflatoxin Bi demonstrated that whilst polyphenols may 
appear beneficial in some instances, the same compounds could conceivably lead to 
serious toxicological consequences in other situations. Moreover, several studies have 
previously reported the mutagenic and genotoxic potential of some flavonoids in
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mammalian and bacterial experimental systems (Jurado et al., 1991; Suzuki et al., 
1991).
While there is an abundance of evidence that a flavonoid-rich diet may promote good 
health and provide protection from degenerative diseases, there remains a distinct 
degree of uncertainty concerning the type and levels of flavonoid intake necessary to 
produce toxicological effects or a potential health hazard. The level of flavonoids 
required to cause detrimental health effects are probably physiologically unachievable 
through dietary sources but the use of supplements, particularly herbal mixtures and 
antioxidant formulas that are commonly recommended to be taken in gram rather than 
milhgram quantities, could result in exposure to potentially toxic levels (Skibola & 
Smith, 2000). For example, the flavonoid quercetin is commercially available to thie 
general pubUc as a ‘health’ supplement with typical manufacturers’ recommended doses 
between 500 and 1000 mg per day, which is 10 to 20 times the quantity that can be 
consumed in a typical vegetarian diet. Hence, it is possible that unregulated 
commercially available flavonoid-containing supplements may have biological activities 
that can adversely affect human health (Skibola & Smith, 2000).
Recently, there has been a dramatic increase in the consumption and use of dietary 
supplements containing high concentrations of plant flavonoids by some health­
conscious individuals. This is, in part, the fault of the manufacturer by using ‘effective’ 
marketing strategies targeting groups of the general population concerned with taking 
alternative remedies to evade seemingly unavoidable diseases. Manufacturers of herbal
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remedies often advertise their products exaggerating the products’ nontoxic therapeutic 
effects, most of which are not substantiated by regulated clinical trials. A lack of 
scientific understanding merely compounds the problem illustrated by the common 
misconception that if a little of something is good for you then a lot must be much 
better.
The importance of such a misconception can not be understated since the relationship 
between the dose of a compound and its adverse health effects is central in toxicology. 
Possibly the most well known statement in toxicology is that of Paracelsus (1493-1541), 
who clearly recognized the dose response relationship and stated “All substances are 
poisons; there is none that is not a poison. The right dose differentiates a poison and a 
remedy” (Timbrell, 1991). With this in mind, it should be remembered that there are 
many different measures of toxicity, lethality being the most severe but probably the 
simplest. Lethahty, however, gives us very little information about the underlying 
mechanistic basis of the toxicity and is obviously unacceptable in human subjects. 
Toxicity caused by the modulation of enzyme systems involved in the metabolism of 
potentially toxic xenobiotics can make certain individuals more at risk fi*om the adverse 
effects of exogenous materials.
8.1.3 The role of metabolism in toxicity
Generally speaking, foreign and potentially toxic compounds absorbed into biological 
systems are hpophilic substances and are, therefore, not readily excreted unchanged. In 
order to excrete such compounds and hence reduce their toxic potential it is necessary to
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change their structure in such a way as to make them into more polar (in most 
instances). The biotransformation of potentially toxic xenobiotics is achieved by 
metabolism, facilitating excretion and thus reducing the exposure of the compounds to 
the body and decreasing potential toxicity.
However, metabolism does not always produce non-toxic metabolites and can be 
responsible for the production of more toxic intermediates. This is the case with almost 
aU carcinogens to which man is exposed. Many carcinogens require metabolic 
bioactivation in order to produce the ultimate carcinogen, the compound that is 
ultimately responsible for the changes that results in the disease of cancer. Hence, a 
suppression of enzymes or enzyme systems responsible for the bioactivation of 
carcinogens could be regarded as beneficial (Timbrell, 1991).
The polyphenols employed in the present studies displayed their biological activity by 
inhibition of the cytochrome P450 monoxygenase isoenzymes responsible for the 
bioactivation of procarcinogens. Whilst this may be beneficial to the individual by 
reducing exposure to ultimate carcinogens, other materials, drugs or naturally occurring 
substances, may remain in the systemic circulation for longer. This could then have 
extremely serious toxicological consequences especially where repeat dose drug therapy 
is used. For example, the widely prescribed anticoagulant drug warfarin, is
predominantly metabolised, and hence cleared fi-om the circulation, by only one isoform 
of the P450 enzyme system. Inhibition of P450 isoenzymes in this case would cause
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blood plasma levels of warfarin to rise which, if left unchecked, could have serious 
toxicological consequences for the patient.
Recently there have been numerous reports of adverse effects to drug therapy in patients 
who have been taking ‘natural’ supplements (Ernst, 1999; Fugh-Berman, 2000; Nathan, 
1999; Gordon, 1998). These studies indicate that St John’s wort {Hypericum 
perforatum) may potentiate certain sub-enzymes of the cytochrome P450 enzyme 
system and as a result cause an increased clearance (and hence a reduced plasma half- 
life) of prescribed drugs. The consequences of this will of course depend on the types of 
drugs prescribed and the vitality of the therapeutic effect. In the case of St John’s wort 
the major concern is the increased clearance of immunosuppressant type drugs such as 
cyclosporin A which are used in transplant patients as a means to avoid tissue rejection.
There have been a number of cases of acute heart and kidney transplant rejections in 
patients who have been taking St John’s wort (Ruschitzka et al, 2000; Burke et al, 
1994). After investigation this was found to be due to a severe drop in whole blood 
cyclosporin concentrations, a drug characterised by a low therapeutic index. These 
patients had been taking St John’s wort (300 mg three times daily) to alleviate mild 
depression. It was concluded that St John’s wort was responsible for inducing the 
enzyme systems (CYP3A4) responsible for the removal of cyclosporin A fi-om the 
systemic circulation and thus diminishing the therapeutic effect of the drug therapy.
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8, / .3,1 Mechanisms o f P450 inhibition
The nature of cytochrome P450 inhibition by TFu was not investigated in these studies. 
For example, the inhibition of the cytochrome P450 can be reversible or irreversible. 
Reversible inhibition occurs when an agent, usually lipophilic, binds to the active site of 
the cytochrome P450 enzyme, either at the unoccupied sixth ligand position of the 
cytochrome P450 haem or at the hydrophobic substrate binding region. This causes 
obstruction of the binding of the substrate or a reduction in oxygen activation by 
cytochrome P450 haem, ultimately resulting in a transient reduction in enzyme activity 
(Murray, 1999; Lin & Lu, 1998; Murray, 1997).
Irreversible inhibition of cytochrome P450 enzymes is also known as mechanism-based 
inhibition. There are two types of processes that lead to mechanism-based inhibition of 
cytochrome P450 enzymes. Autocatalytic inactivation occurs when the cytochrome 
P450-generated metabolite binds covalently to cytochrome P450 and changes its 
structure causing an irreversible loss of function. The activity of cytochrome P450 can 
only be restored by the synthesis of new ‘active’ cytochrome P450 (Murray, 1999). The 
second process for irreversible inhibition of cytochrome P450 is termed metabohte- 
intermediate complexation and occurs when cytochrome P450-generated metabolites 
bind to cytochrome P450 haem. This renders the cytochrome P450 haemoprotein 
catalytically inert (Murray, 1999).
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8,L3,2 Inter-individual variability in metabolism
The inter-individual variability in metabolism is of great importance to the potential 
toxicological consequences of foreign compounds. There are many examples of humans 
showing idiosyncratic reactions to the toxicological or pharmacological action of drugs 
and in a number of such cases the basis of these reactions has been shown to be genetic 
(Timbrell, 1991).
Probably one of the best known and most extensively studied genetic factors involved in 
drug metabolism and disposition is the acetylator phenotype. Over 40 years ago it was 
shown that there were different rates of acétylation for certain drugs in human 
populations. This variation was found to have a genetic basis and is thus known as a 
genetic polymorphism. Due to the difference in rate and amount of acétylation, the two 
groups of individuals are known as rapid and slow acetylators. This acetylator 
polymorphism, as well as being a factor in the toxicity of several drugs, may also 
influence the efficacy of the treatment. For example, the plasma half-life will be longer 
and the concentration higher of acetylated drugs m slow acetylators compared to rapid 
acetylators. Hence, the therapeutic effect will be greater in slow acetylators as, 
generally, there will be exposure to more drug for a longer period of time.
It is these types of inter-individual differences in metabohsm that highhght the necessity 
for caution by health professionals when prescribing multiple drug therapies. There 
should also be some responsibihty with the manufacturers of herbal remedies and 
‘health’ supplements to inform their customers of the potential to adverse effects of their
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treatments due to inter-individual differences in metabolism. If these responsibilities can 
not be taken by the manufacturers then there is obviously a strong case for official 
regulation of such products supported by regulated clinical trials.
The current studies have demonstrated that polyphenols present in the diet and ingested 
at dietary doses are capable of inhibiting a variety of enzyme systems in vitro. Whilst 
these enzyme systems may be responsible for the activation of compounds to potentially
i
toxic intermediates they may also be responsible for the detoxification of other 
xenobiotics. Hence, is it beneficial to inhibit metabolic enzyme systems or not? If a drug 
or group of compounds is predominantly metaboHsed and thus removed fi*om a 
biological system by one particular enzyme then inhibition of this enzyme or enzyme 
system will lead to toxicological consequences. If, however, the enzyme/enzymes in 
question are responsible for the activation of a compound into a more harmful product, 
then obviously inhibition of these enzymes would be beneficial to the organism.
Multiple drug therapy poses the biggest risk for drug-drug interactions and hence the 
chances for adverse effects either temporary or chronic. Other factors that effect 
metabohsm and hence possible drug/drug interactions must be taken into consideration 
including; age, sex, environmental factors, diet etc. In Western society it is generally the 
individual who controls diet and has a choice of drugs taken, albeit a somewhat limited 
choice. More recently ‘herbal’ remedies have become fashionable for rehef fi-om 
symptoms otherwise unsuccessfully treatable by conventional medicine.
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8.1.4 Effect of polyphenols on enzyme systems in vivo
At the doses employed in the present studies, doses that would be expected to be 
achieved from the diet and not concentrated formulae such as herbal remedies or 
supplements, there was no hepatic enzyme inhibition in in vivo studies after dosing rats 
with either TFu or TF. Since the antimutagenic effects observed in vitro were the result 
of inhibition of the cytochrome P450 isoenzymes responsible for the bioactivation of the 
promutagens the antimutagenic effect of these compounds, is unlikely to be relevant to 
the in vivo situation in humans.
In summary, in vitro studies can be an extremely valuable tool in predicting the 
biological activity of xenobiotics in vivo. However, in order to provide accurate 
predictions from in vitro studies it is necessary to; have a good understanding of the 
enzyme systems involved in each metabohc pathway; identify the underlying 
mechanism(s) of enzyme inhibition and/or induction and demonstrate that these are 
operative in vivo; and have a knowledge of the pharmacokinetic characteristics of the 
compound under investigation, at dose levels relevant to human exposure.
8.2 Future studies
The present studies have evaluated the antimutagenic potential of a number of dietary 
polyphenols. However, there are a large number of structurally diverse polyphenolic 
compounds naturally occurring in the diet whose biological activity has not been 
evaluated. It would be informative to extend these studies to structurally different
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polyphenols in order to get a more complete understanding of the beneficial effects of 
individual polyphenols.
The antimutagenicity data generated in these studies was performed in vitro. Whilst this 
information is important in gaining an idea of the likely biological activities in vivo, 
extrapolation fi-om in vitro to in vivo, and fi-om animal species to man, should be done 
so with caution. For example, it would be useful to measure levels of specific 
polyphenols in the systemic circulation following routine dietary intake, to assess 
whether concentrations are achieved that have been shown in the in vivo studies to be 
biologically active.
The pharmacokinetic studies of (+)-catechin and (-)-epicatechin were limited in this 
investigation due to a very small quantity of radioactivity being absorbed following an 
oral dose. These studies could be repeated using higher levels of radioactivity and a 
different type of radiolabel, perhaps to allow for the levels of the individual 
flavonoid in the plasma and major tissues to be determined and the relevant 
pharmacokinetic parameters calculated. Furthermore, the identification and 
quantification of circulating metabolites of the flavonoids could be addressed, and the 
role of gut microflora in their metabolism assessed.
The TFu employed in the present study is a complex mixture. It would be imperative 
that the major components are isolated and identified. Biological activity of individual
275
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components could then be assessed and pharmacokinetic studies carried out if 
warranted.
Finally, comparatively little information has been published on the toxicological 
consequences of high polyphenol intake. The common misconception that if a little of 
something is good for you then a large amount is even better may result in the ingestion 
of large amounts of flavonoids. Indeed, polyphenol supplements are becoming popular, 
therefore, research on the toxicological effects of high flavonoid intake is warranted and 
their possible interaction with medicinal drugs evaluated to avoid the recent fatalities 
associated with the simultaneous intake of St. John’s wort and cyclosporin by transplant 
patients.
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